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MEGASONIC CLEANER AND DRYER SYSTEM 
Background of the Invention 

Field of the Invention 

5 This invention relates to an apparatus and method for cleaning semiconductor substrates or other 

such items requirir^ extremely high levels of deanliness* 
De^»iption of the Related Art 

Semiconductor substrates can be cleaned by propagating acoustic eneigy, such as megasonic 
energy, into a layer of cleaning solution on the surface of the substrate. M^gawnic deaning systems use this 
1 0 cleaning solution layer to propagate megasonic energy, l.e. acoustic energy at frequencies much greater than 
ultrasonic. This energy is dir^rted toward flie surtece of the substrate and thereby removes, safely and 
effectively, partides from the substrate surface vtAhout the n^ative side efFecte associated vnth ultrasonic 
cleaning. 

In the past, such cleaning systems have been designed to process substrates in batches, typicaly 
IS cleaning 25 substrate at once. The benefit of this batch cleaning became less Important as substrate size 
increased because single substrate capacity increased. Also, substrate processors began working wHh more 
delicate devices, which required more careful handling than was possible in batch cleaning. The greater 
value per substrate and the more delicate nature of the devices produced on the substrates created a great 
need for single wafer processing equipment 

20 Singfe substrate megasonic cleaning equipment for processing the larger substrates carrying more 

delicate devices have been developed to meet this need. One such singfe substrate deaning system 
incorporates a probe and a transducer and is described in U.S. Patent No. 6,140,744 and commercially 
available from Verteq Inc. of Sante Ana, California One cleaning apparatus described therein comprises an 
elongate probe contoured to propagate megasonic energy to a surface of a substrate by way of a meniscus 

25 of liquid extending between the probe and the substrate. Because the energy is transmitted through a 
meniscus of liquid, the process is a "wef process and it requires the probe to be positioned very close to the 
substrate surface. 

After this Vef cteaning process, tiie substrate must be dried prior to fiirttier processing. Various 
mettiods of drying the substrate have been tried and have generally involved spinning the substrate and 

30 ttiereby forcing the liquid off tiie substrate surface via centrifugal forces arising from ttie spinning. 
Unfortunately, tiite drying mettuxi has ite drawbadcs, such as tiie tendency of liquid on a surface to feave 
behind residue, e.g. water spots. In tiie past, such spots were not of great concern to the simpler devices 
being produced on ttie substrates. However, as already mentioned, the dew:es prxessed on substrates 
have become more delicate, and tiierefore more sensitive to contaminante of all kinds, including water spote. 

35 Moreover, substrate processors have ttecome more aware of sources of process variation, which translate 
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into variation in performance of the devices and yield variation. One such source of these >^*ati(ms is 
contaminants, including drying residue. Therefore, careful control of the dryir^ condifions has been 
investigated by some. 

European patent application publication EP0905747A1 to IMEC disdoses a drying apparatus that 
S exploits rotational and Marangoni effects to Improve drying perfonnance. As mentioned above, the rotation of 
ttie substrate subjecte tiie liquid to centrifugal forces, which tend to force the liquid from ttie center of the 
substrate toward its edge, and ultimately off of ttie surface. Simultaneously, a surface tension reducing vapor 
creates ttie so called Marangoni effect ttiat reduces the tendency of the liquid to adhere to the substrate 
surface, i.e. reduces the liquid surfeice tension. This reduces the tendency of the liqtdd to remain on the 
1 0 substrate surface long enough to evaporate from tfie surface and tiierefore helps to produce a residue free 
drying process. While the IMEC apparatus has achieved satisfactory. substiatB drying results in the 
laboratory, tiie concept has not been implemented into a commercial appHcation. 

Another issue presented by wet spin cleaning and dryir^ of substrates is the containment and 
disposal of tiie process liquids involved, for example, various acids, bases, soh^enls..and de-imlzed water. 
1 5 Some of tiiese liquids may hamn wortcers or damage ottier equipment in ttie Vicinity of the cleaning apparatus 
if tiie woricers or equipment come into contact witti ttie process liquids. Thus. fuH containment and removal of 
ttie process liquids is necessary to maintein a safe worlcing environment and protect valuable equipment 

However, a critical design consideration for any mwhine in substrate prooessing is process time, or 
ttirough-puL This is in part because substrate processing must be done in very clean, and ttius very 
20 expensive, fabrication facilities. As a result, substrate processors prefer to maximize the output of listing 
facilities ratiier tiian expanding ttiose facilities or building new ones. Thus, test ttiroughrput is prefened. 

Therefore, a need existe for an improved cleaning mettiod and apparatus that wiD improve the drying 
perfonnarKse in a sir^Ie wafer processing application and vnW improve Oiroughput for performing substrate 
cleaning and drying operations. 
25 Summarv of ttie invention 

In one embodiment, the present invention is a method of cleaning and drying a generally flat 
substrate positioned on a rotetable support is provided. A transmitter is positioned closely spaced above an 
upper surface of the substrate. Fluid is applied to the substrate to create a meniscus between the transmitter 
and ttie roteting substrate. Megasonic energy is applied to the tiransmitter to cause it to propagate megasonic 
30 energy tiirough the meniscus to tiie substrate to loosen partictes on the sut)strate white the substirate is 
roteting at a first rate. The transmitter is retracted. A substrate drying assembly support arm of a substrate 
drying assembly is moved into position closely spaced above the substrate. The siAstrate drying assembly' 
includes an ouflet for applying liquid to tiie upper surface of tiie substrate and include an outtet far applying a 
drying vapor to ttie upper surface of the substrate. The substrate drying assembly support ann moved into 
35 place as ttie transmitter is being retracted. 
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In anotiier embodiment, a method of cleanii^ and drying a generally flat substrate positioned on a 
rotatable support is provide. A surface of the substrate is cleaned. A substrate drying assembly support ann 
of a substrate drying assembly is moved Into position closely spaced above the substrate. T?ie substrate 
dryir^ assembly includes an outlet for applying Dquid to the upper surface of the sut^strate and indudes an 
5 outlet for applying a dryir^ vapor to the upper surface of the substrate. The substrate drying assembly 
support ann is retracted radially outwardly at a retracBon rate to a r^ripheiy of the substrate >Mhfle liquk! is 
applied to the substrate ttirough the llqukl outieL Then, the drying vapor is applied to the substrate to dry the 
substrate. The substrate dr^ng assembly support arm is retracted at a substrate-centsr retracBon rate near 
the center of the substrate and a substrate-periphery retraction rate near the periphery of the substrate. The 
1 0 substrate-center retraction rate is tester than the substrate-periph^ retraction rate. 

In another embodiment a method of cleaning and drying a generally flat substrate posftkmed on a 
rotatable support is provided. A surface of the substrate is cleaned. A sul>strate drying assembly support amn 
of a substrate drying assembly is moved into position closely spaced above the substrate. The substrate 
drying assembly includes an outtet for apptyir^ liquid to the upper surtece of the substrate and includes an 
15 outlet for applying a drying vapor to the upper surface of the substrate. The substrate dr^ig assembly 
support ann is retracted radially outwardly at a retraction rate to a periphery of the substrate whfle liquid fe 
applied to the substrate through the liquid outlet Then, the drying vapor is applied to the substrate to dry the 
substrate. At a tocation behiveen the center of the substrate and the periphery of the substrate, the retraction 
rate of the substrate drying assembly support ann is greater than the retracbon rate near the center of the 
20 substrate and greater than the retraction rate near the periphery of the substrate. 

In another embodiment a method of cleaning and dr^ng a generally flat substrate positioned on a 
roteteble support is provided. A surface of the substrate is cleaned. A substrate drying assembly support arm 
of a substrate drying assembly Is moved into position closely spaced above the substrate. The sulistrate 
drying assembly includes an outtet for applying liquid to the upper surface of the substrate and includes an 
25 outlet for applying a drying vapor to the upper surface of the substrate. The substrate drying assembly 
support ann is retracted radially outwardly at a retraction rate to a periphery of the substrate while Ikjuid is 
applied to the substrate through the liquid outieL Then, the drying vapor is applied to the substrate to dry the 
substrate. The substrate is roteted in a range between about 50 rpm and about 1,000 rpm white the retraction 
rate is in the range between about 1 mm per second and about 20 mm per second. 
30 In another embodiment, a method of drying a generally flat substrate that has been deaned te 

provided, where the substrate has been positioned on a rotetable support At least one of a blanket substrate 
drying process vtnndow if the substrate has a blanket portion or a patterned substrate dr^ng process window rf 
the substrate has a patterned portion is selected. A substrate drying assembly support arm of a substrate 
drying assembly is moved into position closely spaced above the substrate. The sut)strate drying assembly 
35 includes an outlet for applying Ikjuid to an upper surface of the substrate and includes an outlet for applying a 
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drying vapor to the upper surface of the substrate. The subsfrate Is rotated. The sutetrate drj^ng assemtriy 
support arm is retracted radially outwardly according to tiie selected drying proc^ wirxlow to a perif^ry of 
the substrate while liquid is applied to the substrate through the liquid applying outieL Ihen, ttie drying vapor 
being applied to the substrate to dry ttie substrate. 
5 in another embodiment a method of drying a generally flat substrate that has been cleaned is 

provided, where the substrate is positioned on a rotatable support A substrate dryii^ assembly support arm 
of a substrate drying assembly is moved into position doseiy spaced above the substrate. The substrate 
drying assembly includes an outlet for applying liquid to an upper surface of the substrate and includes an 
outlet for applying a drying vapor to the upper surface of the substrate. The substrate drying Ksembly 
10 support ann is retracted radially outwardly at a retraction rate to a periphery of the substrate white Dquid is 
being applied to the substrate through the ItqukJ applying outlet Then, the drying vapor is applied to the 
substrate to dry the substrate. The substrate drying assembly support ann is retracted at a substrate-center 
retraction rate near the center of the substrate and a substrate-periphery retraction rate near the periphery of 
the substrate. The substrate-center retraction rate is faster than the substrate-periphery ratraction rate. 
15 In another embodiment an apparatus for deanir^ and drying a generaliy flat substrate Indudes a 

substrate support positioned within a process bowl, a transmitter, a fluid dispenser, a substrate drying 
assembly, and a controller. The transmitter is configured to be spaced above the substrate, to propagate 
megasonic energy, and to be extendable into and out of the process bowl. The fluid dispenser applies fluid to 
* a surfece of the substrate. The substrate drying assembly is configured to be spaced above the substrate. 
20 The substrate drying assembly includes an outlet for applying liquid to an upper surface of the substrate and 
an outlet for applying a drying vapor to the upper surface of the substrate. The sut>strate dryir^ assembly te 
extendable into and out of the process bowl. The controller causes the transmitter and the substrate drying 
assembly to be extended Irom the edge of the process bowi to a position over the surface of the substrate, 
and causes the transmitter to be retracted from the process bowl as the substrate drying assembly te being 
25 extended. 

In another embodiment an apparatus for cleaning and drying a generally flat substrate comprises a 
roteteble support for supporting the substrate, a transmitter, a fluid dispenser, a substrate drying assembly, 
and a controlter. The roteteble support is positioned within a process bowl. The transmitter is configured to 
be spaced above the substrate, to propagate megasonic energy, and to be extendable into and out of the 

30 process bowl. The fluid dispenser applies fluid to a surface of the substrate. The substrate drying assembly 
is configured to be spaced above the substrate. The substrate drying assembly indudes an outtet for 
applying liquid to an upper surface of the substrate and an outlet for applying a drying vapor to the upper 
surface of the substrate. The substrate dr^ng assembly is configured to be extendable into and out of the 
process bowi. The controller causes the transmitter and the substrate drying assembly to be extended from 

35 the edge of the process bowl to a position over the surface of the substrate. The controller also causes the 
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fransmitter and the substrate dr^ng assembly to be retracted from a position over tfie surfiaoe of tfie substrate 
to the edge of the proc^ bowl. The controller also causes the substrate to be rotated h a range of rates 
between about 50 revolutions per minute and about 1,000 revolufions per minute durvig the drying of the 
upper surface of tfie substrate. The controller also causes the substrate drying assembly to be retracted In a 
5 range of rates l)etween about 1 mm per second and about 20 mm per second. 

In another embodiment, an apparatus for drying a generally flat substrate that has been deaned 
includes a rotatable support for supporting the substrate, a substrate dr^ng assemlriy, and a controner. The 
substrate drying assembly includes an outlet for applying liquid to an upper surfeoe of the substrate and an 
outlet for appiyir^ a drying vapor to the upper surface of the substrate. The substrate drying assembly is 
1 0 configured to position the liquid appiyir^ outlet and to position the vapor applying outlet above a portfon of the 
substrate. The controller causes the substrate drying assembly to be retracted over the surfeoe of the 
substrate at a rar^e of rates up to and including a maximum rate. The maximum rate b bncrsased as the rate 
at which the substrate is rotated is increased by about 0.5 mm per second for about each 100 increase in the 
revolutfons per minute of the rotation of the substrate. The controlter also is configured to cause the rotatebte 
IS support to change the rate of rotetfon of the substrate while the substrate drying assembly is over the 
substrate. 

In another embodiment an apparatus for drying a generally flat substrate that has been cleaned 
includes a roteteble support for supporting the substrate, a substrate drying assembly, and a controlter. The 
substrate drying assembly includes an outlet for applying liquid to an upper surtece of the substrate and an 
20 outlet for applying a drying vapor to the upper surface of the substrate. The subsbate drying assembly 
configured to position the liquid applying outlet and to posifion the vapor applying outtet above a portion of the 
substrate. The controlter applies at least one of a patterned substrate process window or a blanket substrate 
process window, causes the substrate drying assembly to be retracted over the surface of the substrate, and 
causes the rotatabte support to charge the rate of rotation of the substrate white the substrate dr^ng 
25 assembly over the substrate. 

In another embodiment, an apparatus for drying a generally flat substrate that has been deaned 
includes a rotatebte support for supporting the substrate, a substrate drying assembly, and a controlter. The 
substrate dryir^ assembly includes a substrate drying assembly support ami, an outtet for applying liquid to 
an upper surface of the substrate, and an outlet for applying a drying vapor to the upper surface of the 
30 substrate. The substrate drying assembly is configured to position \he liquid applying outtet and to position 
the vapor applying outlet above a portion of the substrate. The controller causes the substrate to be rotated in 
a range of rates between about 50 revolutions per minute and about 1,000 revolutions per minute during fte 
drying of the upper surface of the substrate. The controller causes the substrate drying assembly support ami 
in a range of retraction rates between about 1 mm per second and about 20 mm per second. 
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In another embodiment, an apparatus for drying a generally flat substrate tttat been cleaned has 
a rotatable support for supporting the substrate, a substrate drying assembly, and a controller. The substrate 
drying assembly includes a substrate drying assembly support am, an outiet for applying tiquki to an upper 
surfece of the substrate, and an outlet for applying a drying vapor to the upper surfece of the substrate. The 
5 substrate drying assembly is configured to position the liquid applyir^ outlet arKl to position the vapor 
applying outlet above a portion of ttie substrate. The controller causes the substrate drying assembly to be 
retracted over the upper surface of the substrate at a faster rate near a center of the substrate ttian near a 
periphery of the substrate. 

In another embodiment, an apparatus for drying a generally flat substrate tfiat has been cleaned 
10 includes a rotatable support for supporting the substrate, a substrate drying assembly, and a spl^hguard. 
The rotatable support is rotatable at a first rate and a second rate, the second rate being mud) greater than 
the first rate. The substrate drying assembly includes an outlet for applying liqukl to an upper surfoce of the 
substrate and an outiet for applying a dr^ng vapor to the upper surface of the substrate. The splashguard 
prevents splash-back onto the substrate when the rotatable support is rotating at the second rate. 
15 Brief Description of the Drawings 

Rgure 1 is a schematic isometric view of one embodiment of the substrate cleaning apparatus. 
Figure 2 is a schematic top view of one embodiment of a processing chamber showing a liquid 
dispenser k)cation map for the substrate cleaning apparatus of Figure 1. 

Rgure 3A is a cross-sectional view of one emtx)diment of the processing chamber of Figure 2 taken 
along section lines 3A— 3A. Figure SB is a cross-section view of one embodiment of the processing chamber 
of Rgure 2 taken along section lines SB - SB. 

Figure 4A is a schematic top view of the multi-dispenser rinsing configuratfon of Figure 1 . 
Rgure 4B is a schematic side view of a multi-dispenser rinsing conf^uration of the cleaning 
apparatus of Rgure 4A. 

Figure 5 is a top view of one embodiment of the substrate cleaning apparatus. 
F^ure 6 is a isometric view of one embodiment of the substrate cleaning apparatus witti the 
component cover removed and a portion of the removable decktop cut away. 

Rgure 7 is side elevation view of one embodiment of tiie substrate chuck and servomotor assembly. 
Figure 8 is a top view of one embodiment of the substrate chuck and servo motor assembly of Rgure 

7. 

Figure 9A is an isometric view of one embodiment of the substrate chuck assembly of the subsfrate 
cleaning system. 

Figure 9B is an isometric view of one embodiment of an open cent^ chuck of the substrate chuck , 
assembly shown in Figure 9A. 
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Rgure 10 is an isometric view of one embodiment of ttie process bowl of one embodiment of flie 
substrate cleaning apparatus. 

Figures 11A-11C are side elevation views of one embodiment of the moveable splash guard in 
various process positions the proc^ bowl shovm in phantom. 

Figure 12 is a partial view of one embodiment of the substrate chudc and moveable splash guard 
v«th ttie splash guard shown in cross-sedion. 

Figure 13 is a parfial top view of one embodiment of the processing chamber of the substrate 
cleaning apparatus showing the trajectory of cleaning liquids. 

Rgure 14 is an isometric view of one embodiment of a mesh-type splash guard. 

Figure 1 5 shows a drive module in isometric view. 

Figure 16 shows an isonnetric view of one embodiment of the drive modite for a substrate drying 
assembly. 

Figure 17 shows a control strategy applied by the drive module for one processing method. 

Rgure 18 shows a control strategy implemented by the drive modute for anottier example processing 

method. 

Rgure 19 shows a control strategy implemented by the drive nKxiule for another example processing 
method applied to the drying assembly. 

Figure 20 shows a flow chart of one exemplary control strategy for cleaning and drying using the 
cleaning apparatus of the present invention. 

Figure 21 shows a two-dimenstonal graph of patterned and blanket substrate process windows that 
relate the drying head retraction rate to the rotational speed of the substrate. 

Figure 22A shows a two-zone drying head retraction rate map. 

Figure 22B shows a three-zone drying head retraction rate map. 

Figure 23 shows a side elevation vtew of a stackable configuratfon of one embodiment of the 
substrate cleaning apparatus. 

Figure 24 shows a schemata perspective view of one embodiment of the stackabte configuration 
substrate cleaning apparatus in a mounting system from the front skte of the apparatus. 

Figure 25 shows a schematic perspective view of one embodiment of the stackabte configuration 
substrate cleaning apparatus in the mounting system from the rear side of the apparatus. 

Detailed Description of the Prefened Embodiment 

Figures 1-6 illustrate one embodiment of a megasonic energy cleaning and dr^ apparatus 100 
made in accordance v\ntti ttie present invention wih a conteinment plenum 102 below and supportir« an 
assembly main reference plate (shown in Figures 6-8, 9-1 1C), whk:h is nested underneath a removabte 
decktop 104. A process bowl 106 is mounted wifliin the conteinment plenum 102 and ext^s ttirough a cut- 
out in ttie decktop 104. The bowl 106, vMh is preferably cylindrical or any ottier suitebte shape, has a 
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vertical portion that extends through the decktop cut-out to a desired height The decktop cut-out is preferably 
the same shape as the t)owi 106. 

A plurafity of dispensers 108 are mounted to ttie vertical portion of the boMA 106, l.e. the bowl side 
wall, and extend toward the bowTs center. Each of the dispensers 108 has an outlet through which flukJ is 
5 dtepensed. These dispensers 1 08 may be pivotably mounted to brackets which have ttie sh^ of an inverted 
■J", the inside cune of which is configured to receive the top surface of the bowl. In this way. the elevatton of 
the dispenser may be fixed. The dispensers 108 are connected to gas or liqukl supply lines <not shown) 
which provide cleaning media to the surface desired to be cleaned. The position of the dispensers with 
resp^ to the other components is relates to controlling the cleaning operation in some embodiments, and wrill 

10 be discussed in more detaObetow. 

A substrate chuck 1 10 of a substrate chuck assemUy 1 12 is also posittoned within the process bowl 
106 and Is configured to receive and support a substrate 114 during processing in the cleaning apparatus 100 
(See Figures 7, 9B and 12). The chuck 1 10 and the dispensers 108 are posittoned relative to one another so 
that when the substrate 1 14 is posittoned on the chuck 110 the cleaning media dispensed by the dispensers 

15 108 may be directed onto a surface of the substrate 114. The chuck 110 is rolatable with respect to the 
process bowl, as discussed in more detail betow in connection mM\ F«ures 7 and 8. As shown In Figures 1 
and 6. the substrate is rotated on the chuck 110 as indtoated by anovw 116 during processing In the 
apparatus 100. The direction of the anows 116 is not intended to indicate that the substrate 114 may be 
rdated in only one direction. The substrate may be rotated in fte direction opposite to that shown in Rgures 

20 1 and 6 in »xordance with the wafer cleaning and drying assembly 1 00. 

The skJe wall of the bowl 106 near the rear-most portion of the bowl comprises at toast one aperture. 
These apertures provkte access to the processing chamber of the process bowl 106 for any of a number of 
processing devtoes, e.g., the aperture provides access for a cteaning assembly 1 18 and /or a substrate drytog 
sfisembly 120. also refened to herein as the diying assembly 120. There may also be two or more apertures 

25 in the rear portion skiewall, one to provide access for Vne drying assembly 120 and one to provkte access for 
the cleaning assembly 118. Ottier suitable processing devtoes can also be incorporated into ttte apparatus 
100. 

The deaning assembly 118 may include a rod-like probe coupted to a megasonto transducer. As 
mentioned above, a rod-like probe coupled to a megasonic transducer is described in more detail in U.S. 

30 Patent No. 6,140.744. whteh is hereby incorporated by reference. As described therein, a probe 122 is 
configured to propagate megasonic energy to the surface of flie substrate 1 14 by vray of a meniscus of Fiqufcl 
extending between flie probe and the substrate 114 to loosen partfcles on Oie substrate. "Oie probe 122 must 
be positioned ctose enough to the substrate 114 so ttiat a meniscus of liquid extends bebMeen the probe and 
the substrate. Preferably ttite distence is about one-tenth of an inch, or about 2.5 mimmeters, creating a 

35 meniscus of the same height except that the Ikjuid also covers a small tower edge of the probe. In one form 
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Of the Invention, the liquid forming the meniscus is applied to the surface of the substrate 114 by suitable 
dispenseis 108. Although a rod-like probe is illustrated in connection with the preferred enibodiment 
described herein, a transmitter of any suitable shape vwll also worti. 

Control of the liquid interface between the probe 122 and the substrate 114 (the meniscus) can 
5 enhance the cleaning perfonnance of the cleaning and drying apparatus 100. There are several variables 
which influence the amount of energy that may be propagated through the Dquid to the surtace of the 
substrate 114. including the height of the meniscus, the absence or presence of surface waves impacting the 
probe 122. the fluid flow properties of the cleaning media, the ability to dispense the cleaning media In a 
pulsing (i e.. a flow-rate variable) fashion, the frequency of the acousfic energy appled to the probe, the 
10 availability of a dispenser to apply a loading media to the probe 122 to dampen the energy of the probe, and 
other factors. 

The acoustfe energy propagated through the meniscus can be ccMitrolied by caiefuBy posifioning ttie 
cleaning liquid dispensers so that the liquid that they dispense does not subslanfialy Intertsre with the 
opeiatkMi of the probe. Such interference can occur, for example, vrfien the thickness of the meniscus 

15 proximate the probe varies substantially. This can occur, for example, If surface waves are created In the 
liquk) meniscus proximate the probe 122. One way to reduce the Interference of the dispensed BquU with the 
propagation of energy Is to position the dispensers so that the dispenser nozztes dispense the deaning flquW 
onto a portion of the substrate that is not near the probe. The dispensera 108 may be posittoned at any 
desired locatton around the circumference of the bowl 106, and their tocafton may be defined as a number of 

20 degrees between 0 and 360 with respect to a reference locatton, such as the probe 122 formir^ a part of the 
cleaning assembly 118. More speciffcally. if the probe 122 is the reference location, then 90 degrees is the 
kxatton that is one-quarter the way around the bowl 106 from the probe In the ctockwise direction as viewed 
from the top. 

Propagatton of energy through the meniscus can be controlled by creaHng a liquid dispenser tocaBon 
25 map for the substrate cleaning apparatus 100. A dispenser tocatfon map can be created by dhrtding the 360 
degree range of cleaning dispenser locatfons around the drcumference of the bowl 106 Into at least two 
circumferential zones. The circumferential zones may or may not be phydcally distinct features of the 
process bowl 106. In one prefened embodiment, the range of nozzle posittons is dhrkted Into five 
circumferential zones (see Figure 2). A zone 150 can Include flie position of fte probe 122, U., the reference 
30 location at zero degrees. The zone 150 couW extend clockvwse around the bowl 106 firom about 315 degr^ 
to about 90 degrees. A zone 152 can be located adjacent to the zor» 150, extending ck»kwise around the 
bowl 106 from about 270 degrees to about 315 degrees. A zone 154 can be tocated adjacent to the zone 
152, extending clockwise around the bowl 106 from about 235 degree to about 270 degrees. A zone 156 
can be located adjacent to the zone 154, extending clockvwse around the bowl 106 from about 135 degrees to 
35 about 235 degrees. A zone 158 is located between the zone 156 and the zone 150, extending ftom about 90 
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degrees to about 135 degrees. In one embodiment, fte cleaning fluid dispensers 108 are positioned fn any of 
the zones 152, 154, 156. or 158. More preferably, the cleaning fluid dispensers 108 are positioned in any of 
zones 154, 156, or 158. Still more preferably, the cleaning fluid dispensers are positioned in eittier zone 154 
or zone 158. 

5 In another variation, tiie zone 1 50 can be subdivided into two sub-zones. The first sub-zone extends 

clockwise from about 315 degrees to about 45 degrees, and the second sut>-zone extends from about 45 
degrees to about 90 degrees, in tiiis embodiment tiie cleaning fluid dispensers 108 are petitioned in any of 
flie zones 152, 154, 156, 158, or tiie second sub-zone of the zone 150 extending from about 45 degrees to 
about SO degrees. More preferably, tfie cleaning fluid dispensers 108 are positioned in any of zon^ 154, 
10 156, or 158. Still more preferably, tiie cleaning fluid dispensers are positioned in either zone 154 or zone 158. 

The cleaning fluid dispensers 108 dispense liquid in a direction that is preferably generally 
perpendicular to a vertical plane passing tiirough ttie longitudinal axis of the probe 122. However, the 
dispensers may be made adjustable to a range of dispense angles with respect to the probe. For example, 
tiie dispensers 108 can be rotated about a vertical axis passing through tiie base of the dispenser 108. The 
1 5 range of rotation can be about thirty degrees to tiie right of and about thirty degrees to the left of a horizontal 
line perpendicular to the vertical plane passing through tiie probe 122. This may improve tiie control of the 
meniscus in one or more of the radial zones 152-158. For example, in the zone 1S2. an angle of tiiirty 
degrees to the right of the horizontal line perpendicular to the vertical plane passing through the probe 122 
may be prefemed. 

20 As shown in Rgures 2 and 3A, a transmitter-loading dispenser 109 can be configured to dtepense 

liquid direcBy onto the probe 122. The dispenser 109 is preferably located in zone ISO. Uquid applied to the 
probe 122 tiirough thd dispenser 109 preferably is collected in a drain or in a re-circulation basin (not shown). 
The liquid applied through tiie dispenser 109 can be eitiier de-ionized water, or one of many ioiown chemical 
treatments, such as an ammonia peroxide mbcture. The dispenser 109 can be used to dampen ttie 

25 megasonic energy in the proi)e 122. This technique is refenad to as "loading" the probe. The probe 122 is 
preferably loaded by applying liquid to it from the dispenser 109 at a radial position between the ec^e of the 
substrate and the inner wall of the process bowl 106. The cleaning apparatus 100 preferably has control 
systems capable of either loading or not loading the probe, as required. Loading the probe draws some of the 
megasonic energy out of the probe and directs it away from the surface of tfie substrate 114. This may 

30 improve tiie cleanir^ because some devices formed on tiie surfoce of the substrate 1 14 may be too sensitive 
to clean witiiout dampening. The application of liquid from tiie dispenser 109 can reduce damage to such 
devices while still enabling cleaning for some applications. This technique can be used in combination with 
ottier techniques, such as changing the applied power, frequency, and energy direcfivify of ttie probe, to 
control damage. By applying liquid to the probe from the dispenser 109, the ttiroughput of tfie substrate 
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cleaning process can also be reduced because the time required for the probe 122 to contact the liquid on the 
surface of tte substrate can reduced. 

The dispenser 109 in the apparatus 100 provides several advantages. One advantage related to the 
probe dampening described above involves tuning the probe 122. Each probe has sl'^htty different deaning 
S perfonmance. As a result, prior to installing the probe into the apparatus 100. the probe 122 preferably te 
tuned. Furthermore, a specific substrate type used by a customer may be very sensith/e to the energy applted 
to it, and, as a result, too much energy could cause damage to that type of substaate. Aooordlngly, the probe 
122 may need to be tuned to the customer's substrate type. Probe tuning involves operating ttie probe at a 
variety of frequency to find the frequency that provides the best cleaning perfonmanoe. Somefimes, however, 
10 adjusb'ng the frequency of the power applied to the probe 1 22 does not provide enough toning resolutton, i.e., 
adjacent frequency steps are too large to produce the desired cleaning perfomfianoe. in that case, the probe 
dampening technique described above can be used in combination with frequency adjustments to properly 
tone the probe. 

As mentioned above, ft is desirable to reduce throughput for cleaning substrates on the apparatw 
15 100. As discussed in more detail below, in connecGon Rgure 20, the probe Is extendable Irito and 
retradabie out of the bowl 108. The dispenser 109 advantegeousiy improves throughput by enabfir^ the 
probe 122 to apply megasonic energy to the substrate white it is being extended over the substrate. By 
applying liquid to the probe 122 from the dispenser 109, the amount of power transmitted through the 
meniscus can be scaled to prevent damage to delicate structores on the surface, to account for the lower aiBa 
20 of contect between the probe and the liquid, or to othenvise scale the effecth^ power as needed. This 
improves cleaning efficiency, cleaning throughput, and, therefore, the cost of ownership associated with the 
apparatus 100. 

Another advantage provided by adding the disperiser 109 is that liquid from the dispenser 109 can 
be used to rinse the probe 122. By rinsing the probe 122, conteminante picked up by the probe 122 during 
25 the cleaning of a prior substrate 1 14 can be reduced prior to the cleaning of a subsequent substrate 1 14. By 
reducing conteminante on the probe 122, cleaning of the subsequent substrate 1 14 by the apparatus 100 will 
be more effective and more efRclent 

The meniscus may further be controlled by carefully controlling the fluid flow properties of the 
cleaning media directed at the substrate 114 by the nozzles of the dispensers 108. These properttes are 
30 controlled by selecting a prefened nozzle inner diameter. Var^ng the nozzle diameter affeds the fluid flow of 
the cleaning media For example, for a cleaning liquid supplied to the nozzle at a constant pressure, smalter 
nozzles tend to produce higher cleaning fluid velocities. The preferred fluki pressure for cteaning liquid 
supplied to the nozzle is in a range between about 2 and about 30 pounds per square inch, or between about 
13,700 newton per square meter and about 206,800 newton per square meter. H^her fluid veiocittes tend to 
35 interfere more with the cleaning capability of the probe. Thus, the nozzle size preferably is controlled. In 
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order to clean adequately, the nozzle size \s preferably greater than at)out 0.12S inches, or about 3-2 
millimeters, in one embodiment The cleaning media dispenser nozzle size is preferably greater than about 
0.25 inches, or about 6.4 millimeters, in another embodiment The cleaning media dispei^r nozzle size is 
most preferably about 0.25 inches, or about 6.4 miltimeters. 
5 As mentioned, the flow velocity of the liquid exiting the nozzle Increases \Anth smaller nozzle siz^ for 

ii\B same volumetric flow rate. Because the distance between the nozzle and the substrate is fixed, varying 
the nozzle size may require that the trajectory of the liquid be varied. Thus, for a 0.125 inch nozzie, the 
trajectory of the nozzle and the liquid as it initially exits the nozzle is approximately fifteen degrees below the 
horizon. By contrast, for a 0.25 Inch nozzle, the trajectory of the nozzle and initial tr^ecbry of the liquid is 
1 0 between about thirty degrees and about forty-five degrees above the horizon, see Rguie 3B. 

Another variable which can increase cleaning efficiency is the capability to. pulse the application of 
cleaning media to the substrate. This pulsing preferably involves turning the dispensing nozzle on and off at 
regular inten^ls. More generally, it could involve varying the volumetric flow rate of the media exiting the 
dispenser. For a given dispenser geometry, and for liquid cleaning medium, the flow velocity Is adjusted by 
15 varying the fluid pressure. Thus, the dispensers preferably can be controlled to apply flquki to the substrate in 
a pulsing manner, in the pulsing mode, the cleaning media dispensing nozzles preferably are cyded at a 
frequency between .1 hertz and .5 hertz, i.e., a period ranging from 2 seconds to 10 seconcte. Alternately, the 
fluid pressure could be varied between, for example, between about 30 pounds per square inch, or about 
206,900 newton per square meter, and about 2 pounds per square inch, or about 13,700 newton per square 
20 meter. More preferably, the pressure could be varied between about 10 pounds per square inch, or about 
69,000 newton per square meter, and about 2 pounds per square inch, or 13,700 newim per square meter. 
Pulsing could be achieved using other techniques. For exampfe, pulsing application of fluid to the substrate 
could also be achieved by varying the fluid flow rete between the prefenred maximum flow rate and a lesser, 
non-zero flow rate. 

25 Other variables which can be used to control the manner in which acoustic- energy propagates 

through the meniscus Include the height of the meniscus, the frequency of the energy applied to the probe, 
and other factors. As discussed above, the frequency applied to the probe 122 can be adjusted in order to 
tune the probe 122. This process yields a prefenred operating frequency for the probe 122 that might 
coaespond to the highest cleaning efficiency. The probe 122 can operate at a wide range of frequencies, for 

30 example, between about 500 kilohertz ('IcHz') and about 1.5 megahertz (ly^Hz). The probe 122 can also 
operate very well in a frequency range between about 825 icHz and about 850 kHz. The probe 122 can also 
operate very well within a frequency range from about 836 kHz to about 844 kHz. The probe 122 can operate 
very well at about 836 kHz or about 844 kHz. As discussed below in more detail, the apparatus 100 further 
comprises a controller 147, which is prc^remmable to apply megasonic energy to the probe at one or more of 

35 the frequency ranges described above. 
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As discussed above, the preferred operating frequency of an individual probe 122 can depend on 
several factors, for example, the actual din^iensions of fte probe 122, the overall dlmensiore of ttie errtire 
cteanfr^ assembly 118, the substrate application and other factors. As discussed abo\« in connection vi«h 
loading Oie probe 122, whm the cleaning appKcation involve substrates 114 carryir^g very deHcate 
5 structures, the preferred operational frequency of megasonic energy applied to the probe 122 can be altered 
from the frequency corresponding to the highest cleaning efficiency. This other frequency can reduce the 
possibinty of the probe 122 damaging delicate structures on the substrate 1 14. 

Rgure 4A and 4B illustrate another embodiment of the apparati^ 100. It way sometinies be 
desirable to apply a rinse to the substrate 114, in addition to the cleaning and drying. While the rinsing st^ 
10 can add to the throughput, a multi-dispenser rinsing configuration can minimize the additional processing 
time. As shown in Figure 4A, a plurality of rinsing dispensers 111 are mounted to the proc^ bowl 106 and 
are configured to apply rinsing liquid to the substrate 114. During the rinse, ttiere generally is no need to 
maintain a controlled meniscus. Therefore, a high velocity rinsing process can be used. As shown in Rguie 
4B. the rinsir^ dispensers 111 in the high velocity rinsir« process may be oriented downwardly with respect 
15 to the horizon, for example, by about fifteen degrees. The two rinsing dispensers 111 advantageously 
approximately doubles the volume of rinsing liquid that is applied to the outer edge of the subsbBte 114 
compared to a single rinse dispenser configuration for each revolution of the substrate. This decreases 
rinsing process time, where needed, and therefore minimizes throughput of processes that require rinsing. 
The rinsir^ dispensers 111 could also be positioned on the bowl 106 to dispense onto tiie center of tt» 
20 substrate 114. 

The probe 122 is extendable into and retractebte out of the bowl 106 through one of the apertures to 
the side wall of the bowl 106. For example, as shown by tiie am>w 124. ttie assembly 118 is movabte in a 
radial direction. The assembly 118 preferably may be extended oubrard from the rearnfnost side wall of the 
process bowl 106 until it reaches about tiie center or just beyond tiie center of the substrate 114. On tiie 

25 ottier hand, when tiie assembly 118 is retracted, most of tiie probe 122 is received beneatti ttie cover 132. As 
described in tiie above-noted U.S. Patent No. 6,140,744, megasonic energy applied to a transducer coupled 
to tiie probe 122 propagates ttirough ttie probe 122, and tiirough tiie meniscus of liquid onto ttie substrate 
1 14 to toosen particles on tiie substrate 1 14 while ttie substrate 1 14 is rotating. 

In the preferred embodiment, the process bowl 106 also comprises a second aperture for recehring 

30 drying assembly 120. The assembly 120 niay include a drying head 128, which is described in greater detail 
in European Patent application publication EP0905747A1. As described tiierein, ttie drying assembly 120 has 
a substrate drying assembly support ann 130 mounted to be moveable radially vi^ respect to ttie substrate 
114 into and out of a position closely spaced above the upper surface (tiie de^rice side) of tiie substrate 114 
supported on tiie chuck 1 10. The drying assembly 120 includes an outiet tiiat applies, or dispense, liquid to 
35 tiie surface of the substrate and also includes an outlet tiiat applies, or dispenses, tensioactive vapor to ttie 
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surface of the substrate 114. The drying vapor outlet fs positioned radially beyond fte drying Dquld outleL 
The drying assembly 120 Is designed to be extendable through the rear-most side waD of ttie process bowi 
106 toward and just beyond the center of the processing chamber of fte process bowl 106. The drying 
assembly 120 also resides primarily under the cover 132 virtien retractal. The operation of tt)e drying 
assembly 120 and the cleaning assembly 118 can be carefully controlled In order to suffictentJy dean the 
substrate 114 at a satisfactory speed. This control is described in connection with a mettKxl described below. 
The drying assembly 120 dries the surface of the substrate 114 through centrifugal action and by displacing 
the processing liquids on the surface with a tensioactive liquid that reduces the surface tension of the 
processing liquids. 

A moveable splash guard 134 Is also located in the process bowl 106. and Is discussed in greater 
detail with respect to Figures 11A-13. In the preferred embodiment, the movement of splash guard 134 Is 
generated by a plurality of supports that comprise front support 136 and rear supports 138. As shown in 
Figure 1, the support 136 extends through the decktop 104, while the supports 138 extends through the rear 
cover 132. Of course it will be understood that the support locations may be varied affecting the operation of 
ttte splash guard 134. 

Referring now to Figure 2, a valve manifold and associated piping 140 is provided to supply ttie liquid 
and/or gas which is dispensed by tiie dispensers 108. The dispensers 108 each comprise an ouUet for 
directing the liquid and/or gas onto ttie surface of ttie substrate 114 at a preferred location. The piping 140 
resides beneatti flie co>^r 132. The cleaning apparatus 100 also comprises an exhaust and drain manifold 
142 to carry away waste gases, liquids and contaminants. 

Figure 6 shows a portion of tiie removable decktop 104 cut away. A main reference plate 163 can 
be seen beneath tiie decktop 104. The megasonic probe 122, which is positioned at an elevation above ttie 
substrate 114 when tiie substrate 114 is positioned within ttie substrate chuck 110. is actuated by a 
megasonic probe drive modute 144. The drying head 128, also positioned at an elevation above the 
substrate 114. similariy is actuated by a drying assembly drive module 146. Botti drive modules 144. 146 are 
mounted wittiin tfie cover 132 on tiie assembly main support plate 163. are controlled by a controller 147. and 
are discussed in greater deteil below in connection wrtti Figures 15-16. In the iilustrated embodiment, both 
drive modules 144. 146 are linear drive modutes. but any suitabte drive profile mil work. 

Referring now to Rgures 7-8, tiie substrate chuck assembly 1 12 comprises a sen^omotor 160 and a 
substrate chuck bearing cassette 162. each having a pulley mounted ttiereon and each beirig mounted to tiie 
support plate 163. The pulley of tt^ motor 160 and the pulley of tiie cassette 162 are connected by a timing 
pulley drive belt 164. The substrate chuck bearing cassette 162 has a tubular, or open-center, shaft 166 
providing an area 168 that can contein dispensers, sensors and other components. In some embodiments, 
tiie area 168 is a dispensing area ttirough which cleaning fluid can be directed to apply fluM to a tower surface 
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of\he substrate. Although described herein as a bearing cassette, any suitable bearing that will vtfork with tiie 
tubular shaft 166 can be used. 

The tubular shaft 166 provides access for tubing, wirii^, mechanical components and tt« tike 170 
which may perfonn cleaning of the bottom side of the substrate 114. For example, a bottom-side fluid 
5 dispenser 171 can extend upwardly tfirough the tubular shaft 166 into a position to be able to apply liquid to 
the bottom surface of the substrate 114 (see Figure 9B). Rgure 9B shows that S>e bottom-side fluid 
dispenser 171 can provide unobstructed access for fluid directed through the bottom-side fluid dispenser 171. 
The dispenser 171 is shown schematically in Figure 9B*with no mounting hardware. There are many ways 
that the dispenser 171 could be mounted so that ft can deliver cleaning media to the substrate surfece. For 
10 example, the dispenser 171 could be held in place by a bracket 173 nK)unted on the support plate 163. This * 
bracicet could be generally in a 'J* shape, with the upstending portion of the "J* extending into the openoenter 
shaft and with the two upstanding portions straddling ttie pulley attached to the inner race of the bearing 
cassette (see Rgures 7-8). The plurality of dispensers 108 mounted at an elevation higher than the substrate 
114, meanwhile, are able to apply liquid to the top surface of the substrate 114. In this way. the apparatus 
IS 100 can perfonn simuKaneous cleaning of both sides of the substrate 1 14. 

As shown in Figure 98, the su!>strate chucic 110 has a lower support 172, which is a horizontally 
extending portion, that is secured to an upper end of the tubular shaft 166 of the bearing cassette 162 with a 
pluraFity of chuck mounting fasteners 174. The bearing cassette 162 is also connected to the substrate chuck 
110 in a manner that permits the chucic 110 to rotate with respect to tiie plate 163. The tubular shaft 166 
20 preferably has a four inch diameter, or about a 1 02 miliinteter diameter. 

When tiie motor 160 is driven in a controlled manner, the rotation of the motor 160 is transferred 
through the befl 164 to tiie cassette 162 causing the cassette 162 and the substrate chuck 110 to also rotate 
in a controlled manner. The substrate chuck 110 also comprises a plurality of sut)strate support posts 176. 
The posts 176 extend upwardly from an upper surface of the horizontal portion, or tower portion, 172. The 
25 posts 176 are described in more deteil betow. In the prefenred embodiment, the substrate chudc 110 is fixed 
in the direction perpendteular to the surface of the plate 163, vertk;ally fixed in ttie arrangement shown. Othw 
substrate chucks conf^ured to telescope (i.e. to.be movable in the direction of the axis of rotation) are known 
could be implemented in this substrate cleaning system as well. 

As shown in F^ure 98, the substrate chuck 110 supporte the substrate 114 above tiie bearing 
30 cassette 162. The substrate 114 is positioned at an elevation above tiie bearing cassette 162 by tt)e plurality 
of substrate support poste 176. As may be seen, the support poste are reinforced by a band 177 connecting 
each of the support poste 176 about half the distence up the poste 176. The band 177 prevente the poste 176 
from flexing in operation so that the poste 176 continue to support the substrate 114 throughout the cleaning 
and tiie drying processes. There is an open space between ttie band 177 and the base of the chuck 110 
35 which pennite liquid beneath the substrate to escape out the side of the chudc. 
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By so supporting the substrate 114, a space is created undemea&i the substrate 114 whldi may be 
accessed by the various components 170. The substrate support posts 176 provide a passh^ restraint of the 
substrate 114. The passive restraint may comprise a notch which is (exited on the side of the posX clos^ to 
the axis of a rotation of the bearing cassette 162. This noldtx comprises a horizontal portion and a vertical 
5 portion. The horizontal portion provides a surface upon which the substrate 114 Therefore, the 

horizontal portion of the support post 176 provides a passive restraint in the vertical direction against the force 
of gravity. The vertical portion provides a surface upon whidi the outer edge of the substrate 114 may be 
pressed by the rotation of the substrate chuck 110. Therefore, the vertical portion of the support post 176 
provides a passive restraint in the fonn of centripetal force in the horizontal direction. Of course other de\dces 
10 could be used to hold the substrate in position, such as a mechanism actuated by the rotation of the chuck 
110. Such a mechanism would press against the substrate to hold it in place when the substrate Is rotating, 
but release it when it is not 

Referring to Figure 10, the process bowl 106 is shown virith the cleanirig components removed. The 
process bowl 106 is mounted on support plate 163 and has a load/unload access slot 198 to reoehre a robot 
15 arm. The slot 198 is located on the front side of fhe bowl 106 and Is at least as wide as the diameter of the 
substrate 1 14. The height of the slot is sufRcient to allow robotic loading and unloading of the substrate 1 14 
onto the subsbate chuck 1 10. Therefore, the top of the slot 198 must be at an elevatfon that is higher than 
the top of the substrate support post 176 by at least ttie thickness of tiie substrate 1 14. The bottom of the skyt 
198 is at an elevation that is at least betow the horizontel portton of tite notch by an amount of the thtekness of 
20 the robot ami. The robot arm preferably has a paddle configured to extend into the open center of the chuck 
110 during the process of toadir^g or untoading the substrate onto the chuck 110. The paddle extends 
beneath the substrate 1 14 but above the band 177. 

Also mounted to the support plate 163 are the supports 136, 138 supporting the moveabte splash 
guard 134. The supports 136, 138 are vertk:ally actuateble and as they are raised, the splash guard 134 
25 correspondingly also Is raised relative to the fixed elevation of the substrate 114 when positioned on ttie 
substrate chuck 110. As shov/n, the supporte 136, 138 may comprise one or more hinges 139 to facilitate the 
movement of the splash guard 134. Of course ottier numbers of nrioveable supports couM also be used to 
move ttie splash guard 134. 

Refem'ng now to Rgures 11A-11C, ttie supporte 136, 138 are vertically moveabte so as to position 
30 ttie moveable splash guard 134 appropriately witti respect to ttie slot 198 and vfHlh respect to the substrate 
1 14 when it is positioned on the chuck 110. 

Referring to Figure 11 A, ttie supports 136, 138 are moveable such that the front of the moveabte 
splash guard 134 is disposed at an elevation below ttie slot 198. This may be termed ttie rettacted position, 
or ttie substtate load/unload position. When the splash guard 134 is in the retracted positton, a robot arm 
35 delivering ttie substtate 114 into the processing chamber can be extended through the stot 198 until tte 
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substrate 114 is directiy above the substrate chuck 110. Then the robot arm can lowerthe substrate 114 onto 
the chuck 110. This is referred to herein as loading the substrate onto the substrate support, or chudc As 
described above, the slot 198 is tall enough so that the robot arm can be lowered to an elevatk)n betow the 
horizontal portion of the notc^ in the support posts 176. At ttiis lower posfUon, the robot ann can be 
5 withdrawn from the processing chamber without touching the substrate 114. The retracted position of the 
splash guard 134 thus facilitates loading and unloading using a robot arm. 

Refemng to Figure 1 1B, the moveable splash guard 134 can also be posRioned tiy actuating the 
supports 136, 138 Into a wet processir^ position. In the wet processing position, the front side of the splash 
guard 134 disposed at an elevation higher than the rear sMe of the splash guard 134. The elevation of the 
10 top of the splash guard 1 34 is above the front sMe of flie substrate 1 14 and is Ji^ low enough near the rear 
side to provide access to the substrate 1 14 for the cleaning probe 122. There is also Just enough dearance h 
tfiis position for the liquid and vapor outiets of the drying head 128 to be extended out over the substrate 1 14. 
In tills position, the splash guard 134 conteins the processing liquids, preventing them from escaping through 
ttie slot 198. At the rear side of the substrate 114, a small portion of the substrate 114 may be at or Just 
15 above the elevation of the splash guard 134. This prevents all but a very small amount of Rqidd from being 
flung over the top of the splash guard 134. Floating seals surround the probe 122 and drying head 128 to 
contein tfiis small amount of liquid. Also, the bottom of flie splash guard 134 Is at an elevation below the 
bottom ofttie slot 198. 

Rnaily, refem'r^ to Figure 1 1C, the supports 136, 138 can be actuated to move the nK>veabte splash 
20 guard 134 into a dry process position in which tiie drying head 128 is extended out overthe top surface of the 
substrate 114. In this position, ttie splash guard 134 is brought to a generally horizontal position, i.e. the 
perpendicular distance from the substrate 114 to the plane of the top of the splash guard 134 is a constant 
value. In ttie dry process position, ttie top of the splash guard 134 is at an elevation above ttie slot 198 and 
ttie bottom of the splash guard 134 is at an elevatton below the bottom of the slot 198. This prevente any 
25 liqukl which is flung off ttie substrate from exiting ttie apparatus 100 into ttie sunnounding area The splash 
guard 134 also deflecte processing liquids away from the substrate surfaces to prevent splash-back onto the 
surface of the substrates. 

Refemng to Figure 12, ttie moveable splash guard 134 comprises a cylindrical band 210 viritti an 
annular surtece having a diameter greater ttian ttie diameter of the substrate chuck 110 but less than ttie 

30 diameter of ttie process bowl 106 (see Figure 1). Connected to ttie top portion of the cylindrical band 210 is a 
fmsto-conical portton 212 disposed at an angle a witti respect to the plane of ttie base of the splash guard 
134. The inner diameter of the conical portion 212 is greater ttian ttie outer diameter of ttie substrate chuck 
110. The annular surface of ttie frusto-conical portion 1 12 ttiat faces ttie substrate 114 is preferably smootti. 
Ottter surfaces may also be effective, however, such as the mesh-type splash guard d«cribed in connectton 

35 witti Rgure 14 below. 
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As may be seen In Rgure 12, liquid on the surface of the substrate 1 14 projected off the substrate 
114 towards the annular surface of the conic^ |K)rt]on 212 of the moveable splash guard 134 by centriftigal 
force arising from the spinning of the substrate 114. This liquid strikes the annular surface of ttie contecd 
portion 212 at the angle a and deflected by the annular surface of the conical portion 212 of the moveable 
5 splash guard 1 34 in a direction that is generally downward but also radially outward from ttie outer edge of the 
substrate 114. The angle a is between 10 degrees and 60 degrees In one embodimenL The angle a is 
between 20 degrees and 50 degrees in anotiier embodimenL The angle a is between 30 degrees and 40 
degrees in another embodimenL The smoothness of the annular surfoce of the conical portion 212 terKls to 
preserve tiie droplets rather than causing them to vaporize. As mentioned above, and discussed in more 
10 detail In connection with Figure 14, other splash guard surface configurations can ateo prevent splash-back 
onto tiie sut^trate 1 14. 

Figure 13 further illustrates tiie trajectory of the liquid which is transported off tiie surface of the 
substrate 114 by the centrifugal force exerted on the liquid on Vhe surface of tiie spinning substrate 114. The 
trajectory of the transported liquid is generally in the direction of ttie rotation of the substrate 114. As the 
IS liquid moves off the substrate tt travels toward the annular surfece of the conical portion 212, strilces the 
annular surface and is deflected at an angle away firom its ordinal path between the substrate 114 and the 
annular surface. The liquid is deflected in such a manner as to prevent the liquid from splasNng back onto 
tiie substrate 1 14. Splash-back of liquid can be prevented by positioning ttie annular surface at an angle, as 
described above, so that the liquid is deflected downward relative to the elevation of the surface of ttie 
20 substrate and outward radially from tiie center of the chuck 110. As mentioned above, the drying process 
worics by displacing the cleaning liquids on the substrate surface with surface tenston reducing DquM. The 
moveable splash guard 134 is used in conjunction witti tiie drying assembly 120 to assure iitUe or no drying 
tfirough evaporation from the substrate surface of splash-back of cleaning liquM occurs. 

Refem'ng now to Rgure 14, a mesh-type splash guard 230 is shown; The mesh-type splash guard 
25 230 comprises a frame 232 and a mesh portion 234. The mesh portion 234 preferably comprises a plurality 
of strands arranged in a crossing fashion (e.g. perpendfculariy crossfr^} to fonm a grid of rectangular 
openings. More generally, two sete of strands may fomn any quadrilateral shape. Also, more than two sete off 
strands may be used to fonm tiie mesh witti openings of any polygon shape. In one variation, ttie mesh has 
about a 1 mm aperture with about a 44 percent open area. The mesh portion 234 may be affbced to the frame 
30 232 or ttie frame and mesh may be unitary. Alttiough shown as a cylinder, ttie mesh-type spls^h guard 230 
may have a variety of shapes, and may, for example, be fomned as a frusto-conicai portion, like the splash 
guard 134. 

Anotiier variation comprises a splash guard ha^ring at least two mesh sections. In this arrangement, 
a second mesh section is positioned generally concentrically around a first mesh sectim. Generally, the first 
35 mesh section will have apertures and open area equal to or larger than the aperture and open areas of the 

-18- 



CIO: <WO!_0ei017BSA^U> 



wo 02/101795 



PCT/US02/18761 



second mesh. The second mesh can have about a 1 mm aperture wtii about a 44 percent open area In 
another variation, the second mesh can have about a 0.3 mm aperture with a 36 percent open area. In stHI 
another variation, ttie first mesh section can have about a 1 mm aperture with about a 44 percent open area 
and the second mesh can have about a 0.3 mm aperture writh about a 36 percent open area. Yet anoOier 
5 variation involves using a mesh portion similar to mesh portion 234 in conjuncfion wHh an smAar spla^ 
guard similar to the guard 134. 

As with the splash guard 134, the splash guard 230 may be attached to supports 136 and 136 that 
are vertically actuatable. Together vi«h the hinges 139, the supports 136, 138 pern* the mesh-type spladi 
guard 230 to be moved as the spla^ guard 134 moved, as shown in Figures IIArllC. Ulw the conica] 
10 portion 212. the mesh portion 234 of Ihe mesh-type splash guard 230 intercepts the liquid belnig spun off of an 
upper surface of the substrate 114 in a manner that prevents the Rquid from spiasMng back onto the upper 
surface of the substrate 1 14. 

Refening now to Figures 6. IS. and 16, the cleaning and drying apparatus 100 comprises a drying 
assembly drive nraduie 146. In the prefened embodiment, the drwe module 146 oomprtses a servomotor 
IS 250, a linear bearir^ 252. a lead-ballscrew 254. and a proximity sensor 256 tor sensing a 8mit po^n and a 
home posifion. The drying assembly 120. which Includes the dr^ng head i:% and the substrate drying 
assembly support arm 130. is nrounted onto the drive module 146 wHh a bradcet 258. 

Figure 16 shows all the components of the drive nwdute 146 shown in Figure 15. and further shows 
the drive mechanism housir^ 180 in phantom revealing the timing belt and pull^ drive assembly 182. 
20 Although the cleanir^ assembly drive module 144 is not shown in detdl. its oonstnicfion is similar to the 
constniction of the drive nKxluie 146. except the drying assembly 120 is replaced wrilh the cleara'ng assent^ 
118. 

The drive modules 144. 146 are driven by a controller 147 which positions ttw probe 122 or the 
drying head 128 radially viriih respect to tiie substrate 114. For exampte. ttie probe 122 Is inserted or 

25 retracted radially from tiie processing chamber of ttie process bowl 106 t>y tiie drive module 144. The drive 
module 144 is connected to ttie cleaning assembly 1 18 and moves it radially viritfi respect to tfie substrate 1 14 
such ttiat the end of tiie probe 122 extends toward or is retracted away from ttie center of tiie substrate 114. 
The drive modute 144 also can retract ttie probe 1 22 so ttiat it is outeide of tiie outer diameter of tiie substrate 
1 14. Similariy. ttie drive module 146 can extend ttie drying head 128 to a position at an elevation above ttie 

30 substrate 1 14 but within its radius and can also retract tiie deanbig head 128. 

The controller 147 which actuates ttie drive modules 144. 146 can be used to implement various 
control strategies to maximize performance of ttie cleaning apparatus 100. [Merent control strategies may be 
selected depending upon many factors, for example, ttie size of tiie substrate, ttie cteaning sdution used, ttie 
sensiti>nfy of the structures being constructed on ttie surface of ttie substrate, and ttie degree of cleanliness 
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required, among others. These control strategies can be illustrate graphically, for example on a two- 
dimensional graph. 

As shown in Rgure 17, the position of the probe 122 wiA respect to the substrate 114 can be 
illustrated over time. One way to illustrate this is to plot the position of the prot)e wi0i respect to the edge or 
5 center of the substrate 1 14 on fte y-axis and time on the x-ax!s. The position of the edge of the substrate 1 14 
and the center of the substrate 1 14 are shown on the y*axis as dashed lines. The dashed line closer to the x- 
axis represents the edge of the substrate 114, while the dash line furthest from the x-a)ds represents the 
center of the substrate 114. The solid line in Rgure 1 7 represents the position of the probe 122 over time wfth 
respect to the substrate 114. The servomotor 250 extends the probe 122 in a generally radial direction at a 

10 constant linear velocity with respect to the bearing 252 until the probe tip is located at or just beyond the 
center of tfie substrate 114. Then, in one embodiment the controller 147 stops the sen^omotor 250. making 
the linear velocity of probe 122 zero during the cleaning operafion. In another embodiment, as discussed 
above bi connection with Figures 2-3, liquid can be applied to the probe 122 to load the probe 122 while the 
probe 122 is being extended from the dispenser 109. In that case, the deantng can take place while the 

IS probe 122 Is being extended over the substrate 1 14. The probe 122 can also be toaded while it is stattonary 
over the substrate 114 to lessen damage to structures on the substrate 114, to tune the probe 122. or for 
other reasons. At completton of the cleaning, the probe 122 is retracted at a constant linear vek>city until it 
reaches the home position, whteh is radially farther from the center of the bearing cassette 162 than is tte 
outer edge, or periphery, of the substrate 1 14. In anotiier variation, megasonic energy can be applied to the 
20 probe 122 while K is being retracted. In ttiat case, it may be necessary to load tiie probe 122 in order to apply 
the appropriate amount of megasonfc energy to the surface of the substrate 114 white retracting the probe 
122. 

Another exampte control strategy is illustrated in Figure 18, again in x-y coordinates, showing time 
and position respectively. The servomotor 250 extends the probe 122 in a generally radial direction at a 
25 constent velocity until the end of ttie probe 122 extends at or beyond the center of the substrate 1 14. Then, 
ttie controller 147 directs the sen^omotor 250 to stop, so the velocity of the probe is zero and ttie position of 
the probe 122 is held constent durirtg the cleanir^ operation. Next, the controlter 147 directe the servomotor 
250 to retract the probe 122 at a varying vetocity. That is, ttie linear velocity of the probe 122 witti respect to 
the bearing 252 is greatest at ttie beginning of the retraction and ttie linear velocity of retraction is reduced 
30 continuously over the distence of travel of the probe 1 22 towards the edge of the substrate. 

Refemng to Figure 19, a control strategy for the drying assembly drive module 146 is illustrated. In 
this strategy ttie controll^ 147 directe the servomotor to extend the drying head 128 at a constent vetocity 
from ttie edge of tiie substrate 1 14 to just beyond ttie center of ttie substrate 1 14. Then the control!^ 147 
directe ttie servomotor 250 to stop, bringing ttie velocity of ttie drying head 128 at zero and holding ite position 
35 constant for a period of time. Next, die controller 147 directs the servomotor 250 to retract the drying head 
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128 at a varying velocity, with the velocity of retraction being greatest at the begfnnir^ and with tiie velcxrfly 
decreasing while the drying head 128 is moving toward the edge of the sut^strate 114. Next, ttie controller 
147 directe the servomotor 250 to stop retracting the drying head 128 near the edge of ttie substrate 114, 
which brings the velocity of the drying head 128 to zero and holds its position constant for a period of time. 
5 Rnally, the controller 147 directs the servomotor 250 to retract the dr^ng head 128 at a constant velocity to 
return the dr^'ng head 128 to the home position. 

The cleaning and drying apparatus 100 described above can be controlled to provide a satisfetctory 
cleaning and drying process as Illustrated by one prefen^ed embodiment In Rgure 20. The pipcess begins at 
a start block 300. Then, at a process block 302, the drive module 144 positions the probe 122 dosely spaced 
1 0 above an upper surface of the substrate 1 14, which is positioned in and rotating with the chuck 110. Next at a 
process block 304, fluid is applied to the substrate 1 14 to create a meniscus between the probe 122 and the 
substrate 114. Then, in a process block 306 megasonic energy is applied to the probe 122 to cause it to 
propagate the megasonic energy through the meniscus to the substrate 1 14. The megasonfc energy applted 
to the substrate 1 14 loosens particles on the substrate 114. The megasonic energy is strongest In the region 
IS of the probe 122. Therefore, it is preferred that the substrate 114 rotate beneath the probe at a first rate so 
that the entire upper surface of the substrate 1 14 Is exposed to the megasonic energy. In one variation, the 
process steps 304 and 306 may be combined. In that case, megasonic energy is appFied to the probe 122 as 
the probe is being extended over the substrate 1 14. This variatton may further include appl^ IkiuM to the 
probe 122 through the dispenser 109 while the megasonk: energy is being applied to the pn^ and white the 
20 probe Is being extended over the substrate 114. Next in a process blodc 308 the probe 122 is retracted at or 
near the completion of a cleaning operation. In yet another variation, the process bkxkB 304. 306, and 308 
could all be combined so that megasonte energy is applied to the surface of the substrate 114 through the 
probe 122 white the probe 122 is being extended, while it is stationary over the substrate surfiaoe, and wliite it 
is being retracted. In each of these stages, it may be desired to apply loading ik)uM to the probe 122 through 
25 the dispenser 109 to reduce the power applied to the surface of the substrate 1 14. to tune the probe 122. or 
for other reasons. Then, in a process block 310, the substrate 114 is rinsed mth a suitable ik)uk]. One 
preferred rinsing liquid is de*ionized water. In another variatton, the process btock 310 coukl include a 
chemk:al treatment, such as a treatment with hydrofluoric add. 

Then, in a process block 312 the substrate drying assembly support arm 130 is moved into positton 
30 closely spaced above the substrate 114. The process block 312 is preferably at teast partially performed 
concunrentty with the process btock 308. 

As described above, the drying assembly 120 includes an outlet for applying liqukl to ttie upper 
surface of the substrate and also includes an outlet for applying a drying vapor to the upper surface of the 
substrate. Next, in a process block 314. the substrate drying assembly support ann 130 is posittoned so that 
35 the liquki applying outlet of the drying assembly 120 is located approximately over the center of the substrate 
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114. Any of the process blocks 308-320 could include Increasing ttie rate of rotation of fl)e substrate 114 to a 
second rate. The second rate of rotation of the substrate 114 is preferably much greater ttian tfie fiist rate of 
rotation of the substrate 1 14, At higher rates of rotation, processing liquid Is flung off the substrate surfaoes at 
a higher velocity. This increases the likelihood of splash-back. As mentfoned above in connection with 
5 Rgures 1 1B and 11 C, the splash guard 134 is configured to minimize this. In the portion shown In Figure 
1 1B, most of the periphery of the substrate 1 14 is below the upper edge of the spla^ guard 134. As shown 
in Figure 1 1C. all of the periphery of the substrate 1 14 is below the splash guard 134. Thus, there is minimal 
area not protected from splash-badc by the splash guard 134. 

Then, in a process block 316, liquid is applied to the substrate 114 through the DquM applying outlet 
10 of the drying head 128. In one advantageous attematrae, the process btodk 316 is implemented at least 
partially concurrently with the process bk>ck 314. In this way. the RquM is applied to 0ie substrate 1 14 through 
the liquid applying outlet of the di^'ng head 128 while the substrate diyir^ assembly support ann 130 is 
moved to the center of tt^ substrate 1 14. In a process block 318, the substrate diying assembly siq)port em 
130 is retracted to a position vi^re the drying outlet of the diying head 128 is posiiimed over the center of 
15 the substrate 114. in a process block 320, the tensk)active vapor Is ^iied to the substrate 114 as the 
substrate 1 14 rotates. The vapor applied at the process block 320 dries the center of the substr^rte 1 14 due 
to the rotation and by the action of the vapor on the liquid on the surface of the substrate 114. In a process 
block 322 the substrate dr^ng assembly support ami 130 is retracted radially outwardly at a controlled rate to 
the periphery of the substrate 114. As the substrate drying assembly support arm 130 is bemg withdrawn. 
20 lk|ukl is applied to the substrate 114 through the liquid outlet of the drying head 128. The control of the 
retraction is discussed in more detail beh>w. In the process block 322 the dryii^ head 128 applies 
tensloactive vapor to the substrate 114 ttiroi^h the >rapor applying outlet folkniWng the ^plKatkm of KquU. 
Then in a process blodc 324, when the drying head 128 approaches the periphery of the substrate, the 
application of ikjuid to the upper surface of the substrate 114 is stopped. In a process titodk 326. the 
25 retraction of the substrate dryir^ assenU>ly support arm 130 is stopped near the periphery of the substrate 
1 14. In the process step 326 tfie rotetional speed of the substrate 1 14 is also greatly increased. This tends to 
dry a lower surface of tiie substrate 1 14 by centrifi^al action. Then, in a process bkxic 328. the ai^icatfon of 
drying vapor to tiie substrate 114 is stopped before the drying head 128 retracted .teyond ttie outer 
periphery of the substrate 114. In an end block 330, the drying head 128 is retracted to the home position. 
30 the rotation of the substrate 1 14 is stopped, and the process is completed. 

As mentioned above, one importent conskleration a{^lied to tiie single wafer cleaning apparatus is 
through-put Consequentiy, the process embodied In process steps 300 - 330 can be optin&ed to minimbe 
cleaning, rinsing, and drying time. To tills end. It will be appreciated tiiat some of the above proc^ blocks 
could be combined vntti ttie process still implementing ttte in>«ntion. For exampte. \n one variation of ttie 
35 above process, process blocks 308, 310. and 312 are earned out at least partially concunantly. In another 
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variation of the process described above, proc^ blocks 318 and 320 could be carried out partially 
concurrently. Also, although the lower-numbered process blocks noted above generally begin befwe the 
higher-numbered blocks, many of the blocks are executed at least partially concurrently. 

The process described above can be incorporated into a wide variety of cleaning and diyii^ red pes. 
5 For example, one drying recipe for an 8 inch, or a 200 millimeter, substrate begins after the probe 122 is 
retracted in the process bk>ck 308. The process blodc 310 conunences by rotafing the substrate at the 
second rate, e.g. 300 RPM (the first rate of rotation being that required by the clean'n^ assembly 118). TNs 
second rate is maintained for 29 seconds. In the process block 310 the substrate 1 14 is rinsed for 5 seconds. 
The process block 310 also can include a hydrofluoric add exposure. 
10 The process bb)ck 312, which nraves the substrate dryir^ assembly support arm 130 toward a 

k)catk)n over the center of the substrate 1 14, begins 4 seconds before the end of process bkxk 310. In the 
process bkick 314, the substrate drying assembly support arm 130 is posHtoned so that the Rquid applying 
outlet of the drying head 128 is located approximately over the center of the substrate 114. At the process 
btock 316, liquid is applied to the substrate 1 14 through the liquid applying outlet of the drying head 128. This 
1 5 continues until process bk>ck 324. At the process block 318, the substrate drying assembly support arm 130 
is retracted. When process block 318 is completed the drying outlet of the drying head 128 is positioned over 
the center of the substrate 114. At the process btotk Z2D. the tensnacUve vapor apfriied to the substrate 
114. Nex^ at the process tdock 322, the substrate drying assemlriy support arm 130 retracted radially 
outwardly whHe KquM and vapor are applied to the substrate 1 14 through the liquid and vapor outiels of the 
20 drying head 128 respectwely. Nextattheprocessbk)ck324theappncatk)nofDquM to the substrate 114 Is 
stopped. The retractton of the dr)^ng head 128 is stopped at ttie process bkxk 326. Stffl at the process btock 
326 the rotattonal speed of the substrate 114 is greatly increased so as to dry a lower surface of the substrate 
114. This increased speed is preferably 1000 revolutfons per minute (RPM) or h^her and is more preferably 
1800 RPM. Rnally, at the process btock 328 the applicatton of vapor to the substrate 1 14 stopped and the 
25 drying head 128 Is retracted beyond the outer periphery of the substrate 1 14. As mentioned, the above ladpe 
is for an 8 Inch, or a 200 mHlimeter. substrate, it will be recognized that the times may vary for diRerent 
applteations, including different substrate sizes. 

The deaning apparahis disdosed herein also exploite a relationship between the rate of rotation of 
the substrate 114 and the rate at wfhfch the drive modute 146 retracts the drying head 128. Generally, the 
30 faster the rotatton, the faster ttie retraction can be. In some embodimente, ft is desired to provkte adequate 
dnnng in the shortest time. F'^ure 21 provides one example relattonship between substrate rotation rate and 
drying assembly retraction rate where it is desired to use a single, constant retractibn rate. As may be seen in 
connection w^ F^ures 22A-22B, higher retrEK:tion rates for the same rotetion rate can be achieved under 
someconditiorB. 
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Referring now to Rgure 21, one example relationship between ttte rotation rate and the retracHon 
rate is Illustrated as a two-dimensional processing window. The x-axis of the processing window represents a 
range of rates at which the substrate drying assembly support ann 130 and the drying head 128 of tiie drying 
assembly 120 can be retracted. The y-axis represents tiie range of revolutions per minute (RPM) at which the 
chuck 110 can rotate the substrate 114. In the example relationship shown in Rgure 21, the sut>stFate 114 
can be rotated during the substrate top surface drying operation in a range between about 200 RPM and 
about 1,000 RPM while the substrate drying assembly support ami 130 can be retracted in a range between 
about 4 mm per second and about 9 mm per second. In another embodiment, the substrate 114 can be 
roteted during the substrate tc^ surface drying operation in a range between about ^0 rpm and about 1000 
rpm, while the substrate drying assembly support ann 130 can be retracted in a range between about 1 mm 
per second and about 20 mm per second. It will also be understood tfiat higher substrate rotational rates are 
possible and that as shown in Rgure 21, such higher rotation rates will enable dr^ng Ksembly retraction at 
rates higher than tiK>se shown in Rgure 21 . 

Two advantegeous process windows governing the rate of retraction of the substrate drying 
assembly support amn 130 and ttie rate of rotetion of ttie substrate 114 are further fllustrated in Rgure 21. A 
line 402 represents a blanket substrate process v^rindow, which is a preferred relationsh^ between the rate of 
retraction of ttie substrate drying assembly support ami 130 and the rate of rotetion of a blanket substrate. A 
blanket substrate is one ttiat has a uniform top surface. A line 404 represente a patterned substrate process 
window, which is a preferred relationship between rate of retraction of the drying assembly and the rate of 
rotetion of a patterned substrate. A pattemed substrate is one that has one or more feature created on tiie 
top surface. The preferred rate of retraction of the substrate drying assembly support amn 130 for a blanket 
substrate is about 5 millimeters per second when ttie rate of rotation of ttie substrate 114 is about 300 RPM. 
The prefened rate of retraction of the substrate drying assembly support arm 130 for a pattemed substrate is 
about 4 millimeters per second when ffie rate of rotation of ttie substrate 1 14 is about 300 RPM. As can be 
seen, the prefen^ed rate of retraction can be increased by about 0.5 mm per second for each 100 increase in 
ttie RPM of substrate rotetion. For blanket substrates that are rotated faster ttian 900 RPM. flie prefened rate 
of retraction of ttie substrate drying assembly support arm 130 is increased as the rate at whteh ttie substrate 
1 14 is rotated is increased about 1 .0 mm per second for each 1 00 increase in ttie RPM of substrate rotation. 

The blanket and pattemed process endows shown in Figure 21 also illustrate ottier altemafive rates 
of retraction that peribrm a satisfactory dry for a given substrate rotational speed. For exampte, for blanket 
substrates the rate of retraction of the substrate dr^ng assembly support ami 130 of the drying assembly 120 
may be lower ttian the preferred rate while still performing a satisfactory dry. These lower rates are ttie 
retraction rates ttiat are to ttie left of ttie tine 402. Also, for pattemed substrates, substrate drying assembly 
support ann 130 of ttie drying assembly 120 may be retracted at rat^ ttiat are fower ttian ttie preferred rate 
while still performing a satisfactory dry. These lower retiaction rates for pattemed subsbat^ are to the left of 
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fte line 404. Also, the rotation rate for a given retraction rate may be higher than (I.e. alwve on the graph) flie 
preferred rate illustrated by the lines 402. 404. 

It has been found that some areas or zones in the substrate dry fester than others areas or zones. 
Figures 22A-22B illustrate that this relationship that can be exploited in order to manage cleaning efRdency 
5 and cleaning times (and, therefore, through-put). In other words, the process windows shown In Figure 21 
can be applied to the slowest drjnng zone. Other process windows reflecting fester dr^ng assembly retracGon 
rates can be implemented in the fester drying zones, as described beiow. 

Refemng now to Figures 22A-22B. the drying head 128 can be retracted at different rates as tt is 
moved from the center of the substrate 1 14 to the edge of the substrate 114. In one embodiment iOustrated In 
1 0 Figure 22A, and preferred for blanket substrates, the substrate 1 14 Is divided Into a zone 502 near the center 
of the substrate 114 and a zone 504 near the periphery of the substrate 1 14. The dashed arrow niustiales the 
retraction of the substrate drying assembly support am 130. TTie retraction rate near the center of the 
substrate 114 In the zone 502 is preferably faster than the retraction rate near the periphery of the substrate 
1 14 in the zone 504 because the periphery of the substrate may dry more slowly. 
15 Alternately for patterned substrates, as Illustrated bi Figure 22B, the substrate 114 can be divided 

Into a zone 512 near the center of the substrate, a zone 514 near the periphery of the substrate 114. and a 
zone 516 between the zones 512. 514. In one embodiment, the substrate drying assembly support aim 130 
can be retracted while in the zone 516 at a rate fester than that In zone 512 near the center of the substrate 
1 14 (the substrateK»nter retraction rate) and fester than that In zone 514 near the periphery of the substrate 
20 114 (the substrate-periphery retraction rate). That Is, the center of the substrate 114 may dry more -slowly 
than the adjacent zone, but the center of the substrate 1 14 may dry faster than the periphery of the substrate 
114. 

It will be appreciated by one of ordinary skill in the art that the Invention can also be embodied In 
control strategies that employ other numbers of zones and other locations on the substrate 114. It wfll also be 

25 appreciated that the retraction rate of the substrate drying assembly support arm 130 oouM be zero mm per 
second, i.e. the amfi could be held stDI. for a period of time In one or more of the zones. 

Refemng now to Figures 6, 9A. 98. and 23-25. the apparatos 100 described herein is uniquely 
arranged to be steckable and to be incorporated into a substrate processing system 700. The substrate 
processing system 700 comprises a first substrate cleaner 702 comprising a fonwaid portion 704. The 

30 forward portion 704 Includes a rotatebte substrate support, or chuck 110. a dispenser 108 for applying fluM 
onto a substrate 114. and a probe 122 to be posltfoned closely spaced above the substrate to enabte a 
meniscus of the liquid to be fanned between the probe 122 and the substrate 114. The probe 122 Is 
configured to loosen partfeles on the substrate in response to megasonic energy being applied to the probe 
122 
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The cleaner 702 also includes a rear portion 706 that is vertically thicker than the fbmafd portion 
704. The rear portion 706 includes a device for rotating the support 110, such as ttie servomc^ 160, and 
one or more fiquid or gas supply lines for conducting fluid to ttie dispenser 108. The rear portion 706 dso 
include a drive module 144 for moving the probe, as well as connections for applyir^ megasonic energy to 
5 the probe. 

The system 700 includes a second substrate cleaner 722. Like ttie substrate cleaner 702, the 
cleaner 722 includes a fonrard portion 724 and a rear portfon 726 that fe vertfcally thfcker than the fbnraid 
portion 724. In the system 700, the second cleaner 722 can be stacked below the first cleaner 702 vftOi the 
fonvard portions being vertically aligned and the rear portions being vertfcally aQgned. In this posffion, a 
10 space 730 is formed between the fonward portions 704, 724 to pemitt ample gas ftow into the space 730 
between the forward portions of the cleaners. Stacking the first substrate cleaner 702 and the second 
substrate cleaner 722 reduces the cleanroom floor space which must be dedfcated to deaning and drying. 

The vertfcal thickness of the bowl area is minimized by several related technk|ues. Utilizing the 
vertically fixed support chuck facilitates this by having the substrate handling robot provide the necessary 
15 vertical movement when transporting a substrate. A mechanism for verfically moving the chuck requires 
greater vertical space, whfch iriterteres with the air-flow to the substrate area. The stot 198 in the process 
bowl 106 enables use of the robot without increasir^ the space requirements because space beneath the 
substrate is desirable for applying liquid to the substrate lower surface. The moveable splash guard 134 
pemiits the use of the slot 198 for substrate transfer. 
20 As shown In Rgures 24-25, the first and second substrate cleaners 702. 722 can be mounted Into a 

stackable cleaner mounting system 800. The system 800 comprise a frame 802 definmg.a deaner housing 
portion 806. and a plumbing and pneumatic support cabinet housing portfon 808. . 

The cleaner housing portion 806 provides a space 820 where ttie cleaners 702, 722 are mounted. 
Each of the cleaners 702, 722 advantageously can be mounted on at least one drawer sOde 822 comprising a 
25 cleaner fixture 824 mounted to the cleaner 722 or the cleaner 702, a translating portfon 826, and a frame 
fixture 828 mounted to the frame 802. The fixtures 824, 828 can be conjured to sHdeably interface with ttie 
translating portion 826. The fixtures 824, 828 preferably also are contoured to support the weight of the 
cleaner 722 when it is wittiin tiie housing portion 806 and when It is pulled out. as shown in Rgures 24-25. 
AKhough shown retracted within flie housing portion 806, ttie cleaner 702 also can be mounted to the frame 
30 802 witti a drawer slide 822. The cleaners 702, 722 are thus fixed vertfcally. but configured to translate 
horizontally so that ttiey can be pulled out for inspection, testing, senm», and maintenance. In one variation, 
ttie cleaners 702, 722 also could be mounted so as to be fixed vertically and horizontally. I.e. vnttiout flie 
drawer slide 822. 

The plumbing and pneumatic support cabinet housing portion 808 pro\ndes a space 840 in whfch a 
35 plumbing and pneumatic support cabinet 841 can be positioned. The cabinet 841 can Include, for example, 
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various liquid and gas hook-up lines, control lines, and the like. At least one external hook-up panel 842 can 
he provided to simplify the conn^on, maintenance, and exchange of the various fluM Ones. Abo, a control 
pane) 844 can be provided to enhance the connectbn of a controller and one or wore gauges for nK>nitorir^ 
the perfonnance of the cleaners 702, 722. 
S The pneumatic support cabinet 841 may include a shieMing portion 860, one or more fecility pass- 

tiirough panels 862. and a pneumatic control signal panel 864. The shielding portion 860 shields ttie cleanm 
702, 722 from the various component positioned wittiin ttie cabinet 841 and also protects ttw components 
witiiin ttie cabinet The facility pass-tiirough panels 862 provkle one ore more convenient hook-up ports 886 
for connecting ttie various fluid supply lines to ttie cleaners 702, 722. The pneumatic control signal panel 864 
1 0 provides convenient pneumatic control hook-ups for ttie cleaners 702, 722. 

It shoukl be recognized ttiat various modifteations may be made to the embodiments illustrated 
wittiout departing from ttie scope of ttie invention, and ail such changes are intended to tail wittiin ttie scope of 
ttie invention, as defined by the attended claims. 
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WHAT IS CLAIMED IS: 

1 . A method of cleanir^ and drying a generally fiat substrate positioned cm a rotatable support 
comprising the steps of. 

posftfonmg a transmftter closely spaced at)ove an upper surface of the sutetrate; 
applying fluid to the substrate to create a meniscus between the transmitter and the roteting 
substrate; 

applying megasonic energy to the transmitter to cause it to propagate megasonte energy 
through the meniscus to Oie substrate to loosen particles on the substrate while the substrate is 
rotating at a first rate; 

retracting tiie transmitter; and 

mo^nng a substrate dryir^ assembly support ann of a substrate drying assembly Into 
position closely spaced alx>ve the substrate, tiie substrate drying assembly including an ouflet for 
applying liquid to the upper surface of the substrate and including an outiet for applying a drying 
vapor to the upper surface of the substrate; 

wherein the substrate dryir^ assembly support arm Is moved into place as ttie transmitter is 
being retracted. 

2. A method of cleaning and drying a generally flat substrate positioned oh a rotetebie support 
comprising the steps of: 

cleaning a surface of the substrate; 

moving a substrate drying assembly support arm of a substrate drying assembly into 
position closely spaced above the substrate, sakl substrate drying assembly includir^ an ouOet for 
applying liquid to the upper surface of the substrate and including an ouflet for applying a drying 
vapor to the upper surface of the substrate; and 

retracting tiie sutrstrate drying assembly support amfi radially outwanlly at a retraction rate 
to a periphery of the substrate while appi^'r^ liquid to the substrate through Ihe liquid outtet and 
following that with said drying vapor being applied to tt>e substrate to dry tiie sutetrate; 

wherein the step of retracting the substrate drying assembly support arm comprises 
retracting at a substrate-center retraction rate near the center of tiie substrate and a substrate- 
periphery retraction rate near the periphery of the substrate, the substrate-center retraction rate 
being faster than the substrate-periphery retraction rate. 
3. The mettK>d of Claim 2, further comprising: 

positioning the liquid applying outiet approximately over a center of tiie substrate; 

applying liquid to tite substrate tiirough tiie liquid appl^r^ outiet; 

positioning the drying vapor outiet approximately over ttie center of ttie substrate; and 
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applying tensioactive vapor to the substrate as ^e substrate is rotating to thereby dry Oie 
center of the subs^te due to the rotation and by the action of the vapor on the liquid; 

wherein the positioning the liquid applying outlet applying liquid, positioning tiie drying 
vapor outlet, and applying tensioactive vapor steps are performed before tiie retracting step. 
5 4. A method of cleaning and drying a generally flat substrate positioned on a rotatable support 

comprising the steps of: 

cleaning a surface of ttie substrate; 

moving a substrate drying assembly support arm of a substrate drying ffisembly into 
position closely spaced above the substrate, said substrate drying assembly including an outlet for 
10 applying liquid to flie upper surface of the substrate and including an outlet for applying a drying 

vapor to the upper surface of the substrate; and 

retracting the substrate drying assembly suppcHt anm radially outwardly at a retraction rate 
to a periphery of ttie substrate while applying liquid to the substrate through the RqiM ouOet and 
foltowing tiiat with said drying vapor being applied to ttie substrate to dry the substrate; 
15 wherein at a location between tiie center of ttie subsbate and the periphery of ttie subsfrate^ 

the retraction rate of tte substrate drying assembly support ami is greater than the retraction rate 
near ttie center of the substrate and greater than the retraction rate near ttie periphery of the 
substrate. 

5. The mettiod of Dalm 4, furttier comprising 
positioning the liquid applyir^ outiet approximately over a center of the substrate; 
applying liquid to ttie substrate tiirough the Ikjuid appl^ng outiet; 
positioning ttie drying vapor outiet approximately over the center of ttie substrate; and 
applying tensioactive vapor to ttie substrate as the substrate is rotating to ttiereby dry tiie 

center of ttie substrate due to ttie rotetion and by ttie action of ttie vapor on ttie liquid; 

wherein ttie positioning ttie liquid applying outiet applying liquid, positioning ttie drying 
vapor outiet; and applying tensioactive vapor steps are perfonmed before the retracting step. 

6. A mettiod of cleaning and drying a generally flat substrate positioned on a rotatabte support 
comprising the steps ot 

cleanir^ a surtece of ttie substrate; 

moving a substrate drying assembly support amn of a substrate drying assembly into 
position closely spaced above ttie substrate, said substrate drying assembly including an outiet for 
applying liquid to ttie upper surface of the substrate and including an outiet for appl^ng a drying 
vapor to ttie upper surtece of ttie substrate; and 

retracting the substrate drying assembly support ann radially outwardly at a retraction rate 
to a periphery of ttie substrate while applying liquid to ttie substrate throi^h ttie iiqukl outiet and 
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following that witti said drying vapor being applied to the sut)strate to complete the drying actton of 
the substrate; 

wherein the substrate is rotated in a range between about 50 rpm and ^XHit 1,000 rpm 
while the retraction rate is in the range between about 1 mm per second about 20 mm per 
second. 

7. The method of Claim 6, further comprising 

positioning the liquid applying outiet approximately over a center of the substrate; 

applying liquid to the substrate through the liquid applying outiet; 

positioning the drying vapor outlet approximately over the center of the sutetrate; and 

applying tensioactive vapor to ttie substrate as the substrate is rotating to thereby dry ttie 
center of tfie substrate due to the rotation and by tiie action of the vapor on ttie Squid; 

wherein ttie positioning the liquid applying outiet, applying liquid, positioning the drying 
vapor outiet; and applying tensioactive vapor steps are performed before the retracting step. 

8. The method of Claim 6, wherein during the dr^ng operation of ttie upper surfeoe of the 
substrate the substrate is rotated in a range between about 200 rpm and about 1 .000 rpm while the retraction 
rate is in ttie range between about 4 mm per secorul and about 9 mm per second. 

9. The method of Claim 6. wherein ttie step of retracting the substrate drying assembly 
support ami comprises using a stepper motor to retract the substrate drying assembly support amn. 

10. The metfiod of Claim 6, wherein ttie rettacHon rate comprises a range of rates 14) to and 
including a maximum rate, and v\^erein the maximum rate is increased as the rate at which the substrate is 
rotated is increased by about 0.5 mm per second for about each 1 00 increase in the revolutions per minute of 
the rotetion of ttie substrate. 

11. The method of Claim 10, vi^erein the maximum rate at which the drying arm is retracted b 
about 5 mm/sec when ttie rate of notefion of tfie substrate is about 300 revolutions per minute. 

12. A method of drying a generally flat substrate that has been cleaned, the substrate 
positioned on a rotetebie support, ttie mettiod comprising ttie steps of: 

selecting at least one of a blanlcet substrate drying process window if the substrate has a 
blanlcet portion or a pattemed substrate drying process window if flie sut)strate has a patterned 
portion; 

moving a substrate dr^'ng assembly support arm into position dosely spaced above ttie 
substrate, the substrate drying assembly including an outlet for applying liquid to an upper surface of 
ttie substrate and including an outiet for applying a drying vapor to the upper surface of ttie 
substrate; 

rotating ttie substrate; 
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retracting the substrate dr^ng assembly support arm radially outwardly according to the 
selected drying process wndow to a periphery of the substrate while applybig tiqijid to the substrate 
through the liquid applying outl^ and foilovtnng that said dr^ vapor being ^pHed to the 
substrate to dry Oie substrate. 
5 13. TtemettK)dofClaim12.fw1hercompr1slr^: 

positioning ttie Hquid applymg outlet approximate over a center of the sid)slrate: 
applying liquid to the substrate through the liquid applying outlet; 
positioning the drying vapor outlet ai^roximately over the center of the substrate; 
applying tensioacth/e vapor to the substrate as the substaate is rateiii^ to thereby diy the 
10 center of the substrate due to the rotation and by the action of the vapor m the IquU; 

wherein the positioning the liquid applying outtet, applying liquid, positioning the drying 
vapor outtet and applying tensioactive vapor steps are perfonned before toe refaactii« step. 

14. The method of Claim 12. wherein the blanket substrate drying process window comprises a 
range of retraction rates up to and Including a maximum rate, and vwherein the maximum rate is increased as 

IS the rate at which the substrate is rotated is increased by about 0.5 mm per second for about each 100 
increase in the revolutions per minute of the rotation of the substrate, and wherein the maximum retraction 
rate Is about 5 mm^ when the rate of rotetion of the substrate is about 300 revolutions per minute. 

15. The method of aaim 12, wherein the patterned substrate drying process window comprises 
the range of retradfon rates up to and including a maximum rate, and wherein the maximum retraction rate is 

20 increased as the rate at which the substrate is rotated is increased by about 0.5 mm per second Ibr about 
each 100 inaease in the revolutions per minute of the rotation of the substrate, and wheidn the maximum 
retraction rate is retracted is about 4 mm/sec when the rate of rotation of the substrate is about 300 
revolutions per minute. 

16. The metood of aalm 12, wherein during the drying operation of toe upper surfeoe of the 
25 substrate the substrate is roteted in a range between 50 rpm and 1,000 rpm white the retraction rate of the 

drying ami in the range between about 1 and about 20 mm per secorKf. 

17. The method of Oam 12, wherein during the drying operation of the i4)per surteoe of the 
substrate the substrate is roteted in a range between 200 rpm and 1,000 rpm white the letracfion rate of the 
drying aim is in the range between about 4 and about 9 mm per second. 

'•8- method of Qaim 12. wherein the step of retractir^ the substrate drying assembly 

support ami comprises using a stepper motor to retract the substrate drying assembly support arm. 

19. The method of Claim 12. wherein the retraction rate comprises a range of rates up to and 
including a maximum rate, and wherein the maximum rate is Increased as the rate at which the substrate is 
roteted is Increased atarateofatarateof about 0.5 mm per second for each 100 Increase in the revolutions 
35 per minute of tfie rotation of the substrate. 
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20. The meOraJ of Claim 19, wherein the maximum rate at whidi &ie dr^ng am Is t^jaOsd is 5 
mm/sec when the rate of rotation of the substrate is 300 revolutions per minute. 

21. A method of drying a generally flat substrate that has been deaned. the substi^ 
positioned on a roteteble support, the method comprisir^ the steps oft 

5 moving a substrate dryir^ assembly support amn into posttim closely spaced ^ve the 

substrate, the substrate drying assembly including an outlet for applying liquid to an upper surfece of 
the substrate and including an outlet for applying a drying vapor to the upper suifeoe of the 
substrate; 

retracting the substrate drying assembly support arm radially outwaniiy at a retraction rate 
10 tea periphery of the substrate white applying liquid to the substrate through the liquid applying oultet 

and following that with said drying vapor being applied to the substrate to comptete the drying action 
(rfthe substrate; ' ■ 

wherein the step of retracta'ng the substrate drying assembly support arm comprises 
retracflng at a substrate-center retraction rate near the center of the substrate and a substrate- 
15 periphery retraction rate near the periphery of the substrate, the substrateK»nter retraction rate 

being faster than the substrate-periphery relracfion rate. 
22. The method of Claim 21, further comprising: 

positionirjg the liquid applying outlet approximately over a center of the substrate; 
applying liquid to the substrate through the Ikjuid applying outtet; 
^® positionir^ the drying outlet apfmximateiy over the center of the substr^; and 

applying tensioacfa've vapor to the substrate as the substrate is loteting to thereby dry the 
center of the substrate due to the rotation and by the action of the vapor on the liquid; 

wherein the positioning the liquid applying outlet, applying liquid, positioning the diyir« 
vapor outtet and applying tensioacb've vapor steps are perfomred before the retracting step. 
25 23. The method of Claim 21, wherein at a location between the center of the substrate and the 

periphery of the substrate, the step of retracting the substrate drying assembly support arm comprises 
retracting at a rate faster than the substrate-center retraction rate and faster than that the subsbate-periphery 
retraction rate. 

24. The method of Claim 21, further comprising ttie step of holding the substaate drying 
30 assembly position constant at tfie center of the substrate white the center is dried. 

25. The mettiod of Claim 21, further comprising the steps of stopping ttie application of liquid to 
ttie upper surface of the substrate near tfie periphery of the substrate, and stopping ttie appTication of drying 
vapor to ttie substrate after ttie application of liquid to ttie substrate is stopped. 
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26. The method of Claim 21, further comprising the step of greatly Increasii^ the rate of rotation 
of the substrate at the completion of the drying of the upper surface of the substrate so as to dry a lower 
surface of the substrate by centrifugal action. 

27. The method of Claim 21, further comprising the steps of stopping the retraction of the 
5 substrate drying assembly support arm near the periphery, stopping the appScaiion of Oqukl to the upper 

surface of the substrate near the periphery of the substr^. and stopping the api}Dcation of drying vapor to 
the substrate after the application of liquid to the substrate is itoppe6. 

28. The method of Claim 27. wherein the step of applying drying vapor to the substrate is 
stopped before the substrate drying assembly is retracted beyond the outer peripheiy of tiie substrate. 

29. An apparatus fbrcleaning and drying a generaByflat substrate compiishg: 
a substrate support positioned within a process bowl; 

a transmitter configured to be spaced above the substrate, the transmOter being conligured 
to propagate megasonic energy and configured to be extendabte into and out of the process bowl; 
a fluid dispenser for applying fluid to a surface of the substrate; 
a substrate drying assembly configured to be spaced above the substrate, the substrate 
drying assembly including an outtet lor applying liquid to an upper surtece of the substrate and an 
outlet for applying a drying vapor to the upper surface of the subsbate. the substrate diying 
assembly configured to be extendabte into and out of the process bowi; and 

a controOer configured to cause the transmitter and the substrate diytog assembly to be 
extended from the edge of the process bowl to a position over the surfece of the substrate, and to 
cause the transmitter to be retracted from the process bowl as the substrate diying assembly is 
being extended. 

30. A apparatus for cleaning and drying a generally flat substrate comprising: 

a rotateble support for supporting the substrate, the support posittoned within a process 

25 bowl; 

a transmitter configured to be spaced above the substrate, the transmitter being contoured 
to propagate megasonic energy and configured to be extendabte into and out of the process bowl; 
a fluid dispenser for applying fluid to a surface of the substrate; 

a substrate drying assembly configured to be spaced above the subsbate. the substrate 
diying assembly including an outtet for applying liquid to an upper surface of the substrate and an 
outlet for applying a drying vapor to the upper surface of the substrate, the substrate diying 
assembly configured to be extendabte into and out of the process bowl; and 

a controller configured to cause the transmitter and the substrate diying assembly to be 
extended from the edge of the process bowl to a positfon over the surfece of the substrate, to cause 
the transmitter and the substrate drying assembly to be retracted from a position over the surface of 
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tfie substrate to the. edge of the process bowl, to rotate the substrate in a range of rates between 
about 50 revolutions per minute and about 1,000 revolutions per minute durvig the drying of the 
upper surfece of the substrate, and to retract the substrate drying s^sembly h a range of rates 
between about 1 mm ^r second and about 20 mm per second. 

31. . The apparatus of Claim 30, wherein the controller is configured to rotate the sut^trate in a 
range of rates between about 200 revolutior^ per minute and about 1,000 revolutions per minute during the 
drying of the upper surface of the substrate, and to retract the substrate drying assembly in a range of rates 
between about 4 mm per second and about 9 mm per second. 

32. The apparatus of Claim 30, further comprising a stepper motor to cause the substrate 
drying assembly to be retracted. 

33. An apparatus for drying a generally flat substrate that has been cleaned, the dr^ng 
apparatus comprising: 

a rotetabie support for supporting the sut^trate; 

a substrate drying assembly comprising an outlet for applying liquid to an upper surfiace of 
the substrate and an outlet for applying a drying vapor to the upper surface of the substrate, the 
substrate drying assembly configured to position the liquid applying outlet and to position the vapor 
applying outlet above a portion of the substrate; and 

a controller configured to cause the substrate dr^'ng assembly to be retracted over the 
surtece of the substrate at a range of rates up to and including a maximum rate, wherein the 
maximum rate is increased as the rate at which the substrate Is rotated is increased by about 0.5 
mm per second for about each 100 increase in the revolutions per minute of the rotation of the 
substrate, the controller also configured to cause the roteteble support to change the rate of rotation 
of the substrate while the substrate drying assemt>ly is over the sut^strate. 

34. The drying apparatus of Claim 33. wherein the controlter retracts the drying amn up to about 
5 mm per sec when the substrate is rotated at about 3(X) revolutions per minute. 

35. An apparatus for drying a generally flat substrate that has been cleaned, the drying 
apparatus comprising: 

a rotatable support for supporting tiie sul>strate; 

a substrate dryir^ assembly comprising an ouUet for appl^*ng liquid to an upper surfaoe of 
flie substrate and an outiet for applying a dr^ng vapor to ttie upper surface of ttie substrate, tiie 
substrate drying assembly configured to position tiie liquid applying outiet and to position tiie vapor 
applying outiet above a portion of ttie substrate; and 

a controller configured to apply at least one of a patterned substrate process window or a 
blanket substrate process window, to cause the substrate dryir^ assembly to be retracted over the 
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surface of the subsfrate, and to cau^ the rotatable support to diar^e flie rate of rotation of the 
substrate while the subsfrate drying assembly is over the substrate. 

36. The drying apparatus of Claim 35, wherein the blanket substrate process window comprise 
a range of retracfion rates, and wherein the maximum rate is increased as the rate at which the substrate is 

5 rotated is increased at a rate of about 0.5 mm per second for about each 100 irxirease in the revolutions per 
minute of the rotation of the substrate, and wherein the maximum rate at which ttie drying arm is retracted is 
about 5 mm per sec when the rate of rotetion of the substrate is about 300 revolutions per minute. 

37. The drying apparatus of Claim 35. wherein the patterned substrate process window 
comprises the range of retraction rates up to and including a maximum rate, and whereh the maximum rate is 

1 0 increased as the rate at which the substrate is roteted is increased at a rate of about 0.5 mm per second for 
about each 100 increase in the revolutions per minute of the rotetion of the sul)strate, and wherein the 
maximum rate at which the drying ann is retracted is about 4 mm/sec when flie rate (rf rotetion of the 
substrate is about 300 revolutions per minute. 

38. An apparatus for drying a generally fiat substrate tttat has been deaned. the dryar« 
IS apparatus comprising: 

a roteteble support for supportir^ ttie substrate; 

a substrate drying assembly comprising a substrate drying assembly support ann, an ouUet 
for apptying liquid to an upper surfoce of ttte substrate, and an outiet for applying a drying vapor to 
ttie upper surface of ttie substrate, the substrate drying assembly configured to position the fiquid 
20 applying outiet and to position tt)e vapor applying outiet above a portion of flie substrate; and 

a controller configured to rotate ttie substrate in a range of rates between about 50 
revolutions per minute and about 1,000 revolutions per minute during flie drying of tiie upper surfoce 
of the substrate, and to retract ttie substrate drying assembly support ami in a range of retracfion 
rates between about 1 mm per second and about 20 mm per second. 
25 39. The apparatus of Claim 39, wherein ttie controller is configured to rotate the substrate in a 

range of rates between about 200 revolutions per minute and about 1,000 revolutions per minute during ttie 
drying of ttie upper surface of ttie substrate, and to retract ttie drying ann in a range of retraction rates 
between about 4 mm per second and about 9 mm per second. 

40. The apparatus of Claim 39, further comprising a stepper motor configured to cause the 
30 substrate drying assembly to be retracted. 

41. An apparatus for drying a generally flat substrate ttiat has been cteaned, ttie drying 
apparatus comprising: 

a rotatable support for supporting the substrate; 

a substrate drying assembly comprising a substrate drying assembly support anm, an outiet 
35 for applying liquid to an upper surface of ttie substrate, and an outlet for applying a drying vapor to 
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the upper surfece of 0» substrate, the substrate drying assembly ronfigured to posftion ttw Hquid 
applying ouH^ and to posftion the vapor applying cutlet above a portion of the substrate; and 

a controller configured to cause the substrate dr^'ng assembly support ami to be refaBcted 
over the upper surface of the substrate at a faster rate near a center of the substrate than near a 
S periphery of the substrate. 

42. Thee drying apparatus of Claim 42, vifherein the controller is configured to retract the 
substrate dryirig assembly faster at a location between the center of the sut»tiate and the periphery of the 
substrate, than that near the center of the substrate, and faster than that near ttie periphery of ttie substrate. 

43. The drying apparatus of Claim 42, wherein the controller is configured to hold the aibstrate 
1 0 drying assembly posrtion constant at the center of the substrate white the center is dried. 

44. The drying apparatus of Claim 42, wherein Vne controlter is oonfigured to stop the 
application of liquid to the upper surface of the substrate near the periphery of the substrate, aid is configured 
to stop the applicatton of drying vapor to the substrate after the application of liquid to the substrate is 
stopped. 

1 ^ 45. The drying apparatus of Claim 42, wherein the controlter is configured to stop the retraction 

of the substrate drying assembly support ami near the periphery of the substrate, is configured to stop the 
application of liquid to the upper surface of the substrate near the periphery of the substrate, and is configured 
to stop the application of drying vapor to the substrate after the application of fiquid to the substrate te 
stopped. 

20 46. The drying apparatus of Claim 46, wherein the controlter is configured to stop the 

application of drying vapor to the substrate before the substrate drying assembly is retracted beyond the outer 
periphery of the substrate. 

47. The drying apparatus of Claim 42, wherein the controlter is configured to greatly increase 
the rate of rotation of the substrate when the substrate drying assembly has been retracted to the periphery of 

25 the substrate. 

48. The drying apparatus of Claim 42, further comprising a drying assembly linear modute 
configured to receive inpute from the controlter and to position the substrate drying assembly in response to 
those inpute. 

49. An apparatus for drying a generally fiat substrate that has been cteaned, the drying 
30 apparatus comprising: 

a rotetabte support for supporting the substrate, the rotatabte support configured to be 
rotatabte at a first rate and a second rate, the second rate being much greater than the first rate; 

a substrate drying assembly comprising an outtet for applying liquid to an upper surteoe of 
the substrate and an outlet for applying a drying vapor to the upper surface of the substrate: and 
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a splashguard configured to prevent splash-back onto the substrate when the rotatat)ie 
support is rotating at the second rate. 
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